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SUMMARY
A f i e l d  and l a b o r a to r y  i n v e s t i g a t i o n  of th e  s lo p e  s t a b i l i t y  . 
o f  th e  Chalk i s  d e s c r ib e d .  A rev iew  o f  p re v io u s  work on ro c k  , 
s lo p e  s t a b i l i t y  and a w orking  h y p o th e s i s  based  on th e  " s t a t e  o f  
th e  a r t "  a r e  p r e s e n te d .  The e n g in e e r in g  geo logy  of th e  Chalk 
i s  rev ie w e d .
N a tu r a l  and a r t i f i c i a l  s lo p e s  i n  ch a lk  have been in v e s t i g a t e d  
and t y p i c a l  s lo p e  a n g le s  and ty p e s  o f  f a i l u r e  r e c o g n i s e d .  Jtfoveraents 
o f  th e  w a l l s  o f  e x p e r im e n ta l  t r i a l  p i t s  have been  re c o rd e d  an d ' ' th e  
cau se s  o f  th e s e  movements a re  d i s c u s s e d .
Two main ty p e s  o f  s lo p e  i n s t a b i l i t y  have been  r e c o g n ise d :  
s lo p e  d e g ra d a t io n  and major s lo p e  f a i l u r e s ,  l i ’a c t u r e s  p re s e n t  
v / i th in  th e  Chalk a re  l a r g e l y  r e s p o n s ib l e  f o r  c o n t r o l l i n g  th e  
m ajor f a i l u r e s .
A r e g i o n a l  a n a l y s i s  o f  th e  f r a c t u r e  p a t t e r n  w i th in  th e  Chalk 
and i t s  e f f e c t  on s lo p e  s t a b i l i t y  a re  d e sc r ib e d *  M easurements have 
b een  made o f  th e  sp a c in g  o f  f r a c t u r e s  and g e o p h y s ic a l  methods used 
f o r  i n  s i t u  d e t e r m in a t io n s .  D i f f e r e n t  ty p e s  o f  f r a c t u r e  s u r f a c e s  
have been  re c o g n is e d  i n  th e  f i e l d  and in v e s t i g a t e d  i n  th e  
l a b o r a t o r y .  The e f f e c t  o f  f r a c t u r e  s u r f a c e s  on sh e a r  s t r e n g t h  i s  
d i s c u s s e d ,  and a s im ple  s l i d i n g  a p p a ra tu s  f o r  t e s t i n g  f r a c t u r e s  
has  been  d e v i s e d .  _
A model i s  su g g es ted  f o r  th e  development o f  s lo p e s  in  c h a lk  
and th e  e f f e c t s  o f  th e  i n t e r a c t i n g  f a c t o r s  which d e te rm in e  s t a b i l i t y  
a r e  d i s c u s s e d .  C r i t e r i a  a re  g iv e n  which a l lo w  a p r a c t i c a l  app roach  
t o  th e  d e s ig n  o f  new s lo p e s  and th e  assessm en t of e x i s t i n g  s lo p e s .  
Some s u g g e s t io n s  a re  made f o r  f u r t h e r  work.
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Shear s t r e s s
1 ,  INTRODUCTION
U n t i l  r e c e n t l y  th e  s t a b i l i t y  o f  ro c k  s lo p e s  has r e c e iv e d  l i t t l e  
a t t e n t i o n  from the  e n g in e e r  and th e  g e o l o g i s t ,  p a r t i c u l a r l y  when 
compared w ith  t h a t  g iv e n  t o  s o i l  s l o p e s .  A lthough ro c k  s lo p e s  a r e  
numerous around th e  c o a s t s  o f  B r i t a i n ,  c o m p a ra t iv e ly  few ro c k  s lo p e s  
have been  ex cav a ted  in la n d  f o r  e n g in e e r in g  p u rp o se s .  The in c r e a s in g  
s c a l e  o f  e x c a v a t io n  b o th  i n  c i v i l  e n g in e e r in g  and o p e n -c a s t  m ining 
has  l e d  i n  th e  l a s t  decade o r  so  t o  a  number o f  deep e x c a v a t io n s  
b e in g  made, f o r  which s t a b i l i t y  has  been  e s s e n t i a l .  The i n c r e a s in g  
demands f o r  s a f e t y  g e n e r a l l y  have a l s o  meant t h a t  a more r ig o r o u s  
a p p r a i s a l  o f  such s t e e p  s lo p e s  i s  n e c e s s a r y .
Although some t h e o r e t i c a l  work on th e  s t a b i l i t y  o f  r o c k  s lo p e s  
was found t o  be i n  e x i s t e n c e ,  a t  an  e a r l y  s ta g e  i n  th e  r e s e a r c h  
programme th e  inadequacy  o f  a v a i l a b l e  d a ta  o b ta in e d  from f i e l d  and 
l a b o r a to r y  i n v e s t i g a t i o n s  was r e c o g n i s e d  as  a  f r e q u e n t  cause o f  th e  
d i f f i c u l t i e s  e n c o u n te re d  i n  th e  a n a l y s i s  of s t a b i l i t y .  The r e s e a r c h  
was t h e r e f o r e  d i r e c t e d  m ain ly  t o  an  i n v e s t i g a t i o n  o f  ro c k  s lo p e s  i n  
th e  f i e l d  and th e  l a b o r a t o r y  r a t h e r  th a n  a t h e o r e t i c a l  s tu d y .
The purpose o f  th e  r e s e a r c h  was th e n  i n i t i a l l y  t o  r e c o g n i s e  
th e  v a r io u s  f a c t o r s  w hich a f f e c t  th e  s t a b i l i t y  o f  s lo p e s  i n  r o c k .
I f  th e s e  v a r io u s  i n t e r a c t i n g  f a c t o r s  c o n t r i b u t i n g  t o  s lo p e  
development cou ld  be r e c o g n is e d  and th e n  t h e i r  r e l a t i v e  im portance 
a s s e s s e d  on a r e g i o n a l  s c a l e ,  th e  p r e d i c t i o n  o f  s t a b i l i t y  f o r  any 
g iv e n  s lo p e  might become p o s s i b l e .
To r e c o g n is e  and a s s e s s  th e s e  d i s c r e t e  f a c t o r s  a f f e c t i n g  
s t a b i l i t y ,  th e  d e c i s i o n  was made t o  l i m i t  th e  i n v e s t i g a t i o n  t o  one
r o c k  t y p e .  The Chalk was s e l e c t e d  a s  i t  i s  r e l a t i v e l y  homogeneous, 
i s  o f  e x te n s iv e  o c c u r re n c e ,  and i s  co n v en ien t  f o r  s tu d y  i n  S o u th -e a s t  
E ng land .  As th e  work was concerned  w i th  th e  s t a b i l i t y  o f  r o c k  s lo p e s ,  
f a i l u r e s  in v o lv in g  s l i d i n g  o f  th e  Chalk on u n d e r ly in g  incom peten t 
s t r a t a  were exc luded  from c o n s id e r a t io n .
As v e ry  l i t t l e  p re v io u s  p u b l ish e d  work was found t o  e x i s t  on 
th e  d e t a i l e d  a n a l y s i s  o f  s lo p e  s t a b i l i t y  i n  th e  f i e l d ,  th e  fo l lo w in g  
were c o n s id e re d  e s s e n t i a l .
(a )  The r e c o g n i t i o n  o f  ' s a f e 1 a n g le s  o f  s lo p e  de te rm ined  
from n a t u r a l  c h a lk  s lo p e s .
(b )  The r e c o g n i t i o n  o f  th e  ty p e s  o f  s lo p e  f a i l u r e  t h a t  a re  
p o s s ib le  i n  c h a lk  s l o p e s .
(o) The d e t e r m in a t io n  o f  any movements o f  s t e e p  ex ca v a ted  
f a c e s ,  th e  cause o f  any such  movements and t h e i r  
c o n t r i b u t i o n  t o  ro c k  i n s t a b i l i t y .
The im portance o f  p r e - e x i s t i n g  p la n es  of weakness was r e c o g n is e d  
e a r l y  i n  th e  r e s e a r c h  programme. As a consequence th e  fo l lo w in g  a l s o  
bec&me n e c e s s a ry .
{d) An i n v e s t i g a t i o n  o f  th e  e x t e n t  t o  w hich a r e g i o n a l
f r a c t u r e  p a t t e r n  i s  r e c o g n i s a b le  i n  th e  C halk .
(e )  An i n v e s t i g a t i o n  o f  th e  v a r i a t i o n  o f  f r a c t u r e  sp a c in g
i n  th e  Chalk and i t s  d e te r m in a t io n .
( f ) The r e c o g n i t i o n  o f  d i f f e r e n t  ty p e s  o f  f r a c t u r e  s u r f a c e s  
and t h e i r  a s s e s sm e n t .
The o b je c t iv e  o f  th e  r e s e a r c h  was t h e r e f o r e  t o  i n v e s t i g a t e  th e s e
complex i n t e r a c t i n g  f a c t o r s  and t o  p ro v id e  a r e a l i s t i c  assessm en t 
o f  them i n  th e  f i e l d ,  su p p o r ted  by l a b o r a to r y  work a s  n e c e s s a ry .  
I f  an  u n d e rs ta n d in g  o f  th e  i n t e r a c t i o n  o f  th e s e  f a c t o r s  and t h e i r  
c o n t r o l  on th e  b eh av io u r  o f  c h a lk  s lo p e s  cou ld  be a c h ie v e d ,  th e n  
a  more p r a c t i c a l  approach  t o  th e  a ssessm en t o f  th e  s t a b i l i t y  o f  
e x i s t i n g  and proposed  s lo p e s  would be p o s s i b l e .
• 2 .  REVIEW OF PREVIOUS RESEARCH ffORK
I n t r o d u c t i o n
Few d e t a i l e d  p u b l ish e d  works were found t o  e x i s t  on th e  
s t a b i l i t y  o f  s lo p e s  i n  chalk*  C onsequen tly ,  a su rv ey  was made o f  
a l l  l i t e r a t u r e  on ro c k  s lo p e  s t a b i l i t y *  T his  was found t o  bo 
n e c e s s a ry  t o  g a in  a n  u n d e r s ta n d in g  o f  th e  f a c t o r s  a f f e c t i n g  , 
s t a b i l i t y  and th e  m echanics a c t u a l l y  in v o lv e d  i n  s lo p e  f a i l u r e s .
Each f a i l u r e  i s  to  some e x t e n t  un ique  because  of th e  v a r i e d  n a tu re  
o f  th e  E a r t h ' s  c r u s t ,  and r e f e r e n c e  has t h e r e f o r e  b een  made to  
case  h i s t o r i e s  o f  p a r t i c u l a r -  f a i l u r e s .  P r e v io u s  work te n d s  t o  be 
o f  t h r e e  main ty p e s :  th e  g e o g ra p h ic a l  approach? th e  d e s c r i p t i o n
and a n a l y s i s  o f  s p e c i f i c  s lo p e  f a i l u r e s ?  and ro c k  mechanics 
t e c h n iq u e s .  I n  a d d i t i o n ,  t h e r e  i s  some s p e c i f i c  l i t e r a t u r e  t h a t  
i s  concerned  w i th  ch a lk  s lo p e s  and t h i s  i s  d e s c r ib e d  s e p a ra te ly *
The b ib l io g r a p h y  on s lo p e  s t a b i l i t y  produced by I m p e r i a l  C ollege 
(Hoek, 1970a) has been found t o  p ro v id e  a u s e f u l  source  o f  
r e l e v a n t  p u b l i sh e d  l i t e r a t u r e .  I n  each  o f  th e  fo l lo w in g  s e c t i o n s  
th e  p u b l ish e d  works a re  c o n s id e re d  i n  c h ro n o lo g ic a l  o r d e r .
2 .2  The g e o g ra p h ic a l  app roach
Much g e o g ra p h ic a l  l i t e r a t u r e  e x i s t s  t h a t  i s  concerned  w i th
th e  ty p e s  o f  s lo p e s  t h a t  a r e  developed  under d i f f e r e n t  e n v iro n m e n ta l  
c o n d i t i o n s .  A r e c e n t  su rv ey  o f  work on s lo p e s  has been  made by 
Young (1972)* a d d i t i o n  t o  d e s c r ib i n g  th e  ty p e s  o f  s lo p e s  i n  
e x i s t e n c e  on v a r io u s  l i t h o l o g i e s  and under v a r io u s  c l im a t i c  
c o n d i t i o n s ,  th e  g e o g ra p h ic a l  app ro ach  i s  o f t e n  concerned  w ith  th e  
development o f  s lo p e s  a s  a dynamic p r o c e s s .  Young s t a t e s  t h a t  i n  
humid c l im a te s  th e  upper l i m i t i n g  an g le  f o r  th e  p re sen ce  o f  a
r e g o l i t h ,  or th e  low er l i m i t  o f  a f r e e  fa c e  i s  40*”45°* 
c o n t in u o u s  v e g e t a t i o n  and s o i l  cover  w i th  no ro c k  o u tc ro p s  th e
Aupper l i m i t  i s  30-36 * The lower l i m i t  f o r  th e  o ccu rren c e  of 
w e l l -d e v e lo p e d  t e r r a c e t t e s  i s  32“ 33°*
E xam ination  o f  g e o g ra p h ic a l  l i t e r a t u r e  has n o t  been  found 
t o  be p a r t i c u l a r l y  w orthw hile .,  Most o f  t h i s  l i t e r a t u r e  d e a l s  
w i th  th e  morphology o f  s lo p e s  and t h e i r  d e n u d a t io n  ch rono logy , 
r a t h e r ,  th a n  a s se s sm e n ts  o f  t h e i r  p r e s e n t  s t a b i l i t y .  I n  
a d d i t i o n ,  t h e r e  ap p e a rs  t o  be l i t t l e  a t te m p t  t o  examine th e  
p ro c e s s e s  o p e ra t iv e  a t  p r e s e n t  b o th  on and w i th in  p a r t i c u l a r  
s l o p e s •
Ward (1945) a t te m p te d  t o  b r in g  t o g e th e r  th e  g e o g r a p h ic a l -  
g e o l o g ic a l  approach  and th e  e n g in e e r in g  ap p ro ac h .  He d e s c r ib e s  
p o s s i b le  cau ses  o f  mass movements and r e c o g n i s e s  a number o f  
ty p e s  o f  f a i l u r e .  These a re :  s o i l  e ros ion*  c re e p  and s o l i f l u c t i o n
f ra g m e n ta l  s l i d e s  ( d r y ,  p a r t i a l l y  s a t u r a t e d ,  s a t u r a t e d  or seepage 
i n s t a b i l i t y )  5 r o c k  f a l l s  and s l i d e s ;  d e t r i t u s  s l i d e s ;  and 
r o t a t i o n a l  s h e a r  s l i p s ,
2 .3  A c tu a l  s lo n e  f a i l u r e s
A number o f  s p e c i f i c  case  s t u d i e s  o f  r o c k  s lo p e  f a i l u r e s
have been  p u b l ish e d ,  f o r  exam ple, M*hller (1964)> P r i c e  and K n i l l  
(1967) add Arrowsmith (1971)* A d e t a i l e d  ex am in a t io n  o f  th e s e  
s t u d i e s  i s  n o t  inclxided a s  th e y  a r e  c o n s id e r a t io n s  o f  s p e c i f i c  
s lo p e  f a i l u r e s  i n  a v a r i e t y  o f  ro c k  t y p e s .  Each f a i l u r e  h a s ,
t o  some e x t e n t ,  i t s  own c h a r a c t e r i s t i c s • G reat v a r i a t i o n s ,  o f t e n  
e x i s t  between f a i l u r e ' s  i n  d i f f e r e n t  ty p e s  o f  r o c k .  F a i l u r e s  i n  
th e  same ro c k  type  may a l s o  d if fe x '  a s  a  r e s u l t  o f  d i f f e r e n c e s  i n  
th e  p r e v a i l i n g  g e o l o g ic a l  s i t u a t i o n s .
The p u b l ish e d  a c c o u n ts  o f  s lo p e  f a i l u r e s  i n d i c a t e  th e  
im portance  o f  tho rough  e n g in e e r in g  g e o l o g ic a l  i n v e s t i g a t i o n s  to  
p ro v id e  r e l i a b l e  d a ta  w i th  w hich t o  a s s e s s  th e  s t a b i l i t y  o f  any 
p a r t i c u l a r  s lo p e .  I n  many f a i l u r e s  t h e r e  may have been  o ld  la n d -  
s l i p s  a l r e a d y  p r e s e n t  a t  th e  l o c a t i o n s  d e s c r ib e d ,  f o r  example 
B r o i l i  ( d a t e  unknown). I n  o th e r  c a s e s  g roundw ater  has been  o f  g r e a t  
im p o r tan ce ,  f o r  example S h e r r e l l  (197*1) * Most f a i l u r e s  have 
r e s u l t e d  from th e  i n t e r a c t i o n  o f  s e v e r a l  f a c t o r s .
The s p e c i f i c  case  s t u d i e s  examined in d i c a t e  t h a t  th e  fo l lo w in g  
a r e  the* main f a c t o r s  which may cause i n s t a b i l i t y  i n  r o c k  s lo p es !
(a )  S t r a t a  d ip p in g  tow ards  s l o p s ;
(b )  J o i n t s ,  f a u l t s ,  or o th e r  p la n e s  u n fav o u ra b ly  in c l in e d  
in  r e l a t i o n  t o  f a c e  o f  s lo p e ;
(c )  P re se n c e  o f  p la n e s  o r  l a y e r s  w i th  low s h e a r  s t r e n g t h ,  
e . g .  c la y  l a y e r s ;  ^
(a)  E x is te n c e  o f  perm eable com petent s t r a t a  o v e r ly in g  
impermeable incom peten t s t r a t a *
(e )  Water seepage tow ards  s lo p e ;
( f )  H igh w a te r  t a b l e  i n  s lo p e  g iv in g  h ig h  h y d r o s t a t i c  
p re s  su re  sj*
(g )  W eathering  o f  s lo p e  f a c e  ( e s p e c i a l l y  f r e e z e - th a w  a c t i o n  
i n  tem p era te  c l im a te s )  ;
(h) U n d e r c u t t in g  o f  to e  o f  s lo p e ;
( i )  P re se n c e  o f  o ld  l a n d s l i p s .
2 .4  The ro ck  mechanics approach
Although c o n s id e ra b le  p u b lish e d  work e x i s t e d  on th e  t h e o r e t i c a l
b eh av io u r  o f  ro c k  masses under lo a d ,  u n t i l  r e l a t i v e l y  r e c e n t l y  few 
a t te m p ts  were made t o  de te rm ine  th e  i n  s i t u  f a c t o r s  t h a t  a f f e c t  
s t a b i l i t y *  The p re s e n t  r e s e a r c h  i s  p r im a r i ly  a f i e l d  and la b o r a to r y  
s tu d y  o f  ro c k  s lo p e s .  Thus, p rev io u s  work d e a l in g  w ith  t h e o r e t i c a l  
a s p e c t s  o f  ro c k  masses o r  m echan ical c h a r a c t e r i s t i c s  o f  i n t a c t  ro c k  
and ro c k  masses i s  n o t  d e s c r ib e d ,  excep t where i t  s p e c i f i c a l l y  
r e l a t e s  t o  ro c k  s lo p e s .  The p re s e n t  u n d e r s ta n d in g  o f  ro c k  s lo p e s  
has  r e s u l t e d  from:
(a )  th e  r e c o g n i t i o n  o f  th e  i n  s i t u  f a c t o r s  c o n t r o l l i n g  
s t a b i l i t y  and th e  ty p e s  o f  i n s t a b i l i t y  t h a t  may occur?
(b) th e  development o f  t h e o r e t i c a l  and g r a p h ic a l  methods 
f o r  th e  s o l u t i o n  o f  r o c k  s lo p e  problems? and
(c)  th e  d e te rm in a t io n  o f  f i e l d  pa ram ete rs  t h a t  a l lo w  th e
use  o f  s im ple mechanics p r i n c i p l e s  f o r  a s s e s s i n g  s t a b i l i t y .
As d e sc r ib e d  i n  S e c t io n  2 .2  Ward (1945) a t tem p ted  to  r e c o g n is e  
th e  causes  and ty p e s  o f  i n s t a b i l i t y  i n  n a t u r a l  s lo p e s .  I n  th e  case  
o f  s lo p e s  i n  hard  r o c k ,  Ward d i s t i n g u i s h e d  between f r e q u e n t  sm a l l-  
s c a l e  ro c k  f a l l s  r e s u l t i n g  from th e  e f f e c t s  o f  n e a r  s u r fa c e  
w ea th e r in g ,  and l e s s  f r e q u e n t  l a r g e r - s c a l e  ro c k  f a l l s  r e s u l t i n g  
from u n d e rc u t t in g  o f  sea  o r  r i v e r  c l i f f s .  Ward a l s o  re c o g n ise d  
r o c k  s l i d e s  o c c u r r in g  a lo n g  p la n es  o f  weakness such  a s  bedding  
p la n e s ,  f a u l t  zones ,  c la y  l a y e r s ,  o f t e n  f u r t h e r  weakened by f r o s t  
a n d /o r  w a te r .  These ty p e s  o f  i n s t a b i l i t y  have been in c lu d e d  in  a 
com prehensive c l a s s i f i c a t i o n  o f  mass movements on s lo p e s  proposed 
by H u tch in so n  (1 9 6 8 ) .  —•
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A t h e o r e t i c a l  s tu d y  o f  r o c k  s lo p e s  was u n d e r ta k en  by 
T ro l lo p e  (1961 and 1968) .  He i d e n t i f i e d  t h r e e  main ty p e s  o f  
r o c k  masses?
(a )  un iform ^ u n jo in te d  ro ck j
(b) ro c k  w i th  randomly o r i e n t a t e d  f i s s u r e s ?  and
T
( c) b lo c k  J o in te d  rock*
I n  th 8  case  o f  th e  l a t t e r  two ty p e s  he comments t h a t  d e te rm in a t io n  o f  
a p p r o p r ia t e  c 1 and 0 X v a lu e s  on a la r g e  s c a le  i n  th e  f i e l d  i s  o f  
m ajor im portance , a l th o u g h  l a b o r a to r y  de term ined  v a l e s  o f  c and 0  
may be used i n  th e  case  o f  un ifo rm , u n jo in te d  r o c k .  The p re s e n t  
a u th o r  has found th e  f a c t o r s  invo lv ed  in  ro c k  s lo p e  s t a b i l i t y  t o  
be to o  complex f o r  such g e n e r a l i s e d  t h e o r e t i c a l  s o lu t i o n s  t o  be 
w id e ly  a p p l i e d ,
T erz ag h i ( 1962) s t r e s s e d  th e  im portance of j o i n t  p la n es  in  
d e te rm in in g  th e  s t a b i l i t y  o f  s lo p e s  on unw eathered r o c k .  He a l s o  
d e s c r ib e d  th e  m o d i f ic a t io n s  t h a t  may occur n ea r  th e  s u r fa c e  o f  
s t e e p  s lo p e s ,  such as  th e  development o f  s h e e t in g  j o i n t s  p a r a l l e l  
t o  e ro s io n  s u r f a c e s  and changes produced by w e a th e r in g .  L ike  Ward, 
he re c o g n ise d  ro c k  f a l l s  and ro c k  s l i d e s  a s  b e in g  th e  two main 
ty p e s  o f  f a i l u r e .  T e rz ag h i  c o n s id e re d  th e  no rm ally  a p p l ie d  e q u a t io n  
f o r  s h e a r in g  r e s i s t a n c e  t o  be v a l i d  f o r  p o t e n t i a l  f a i l u r e  p la n e s  i n
+ (P  -  u) t a n  0  ( 2 , 1)
s h e a r in g  r e s i s t a n c e  a t  a  g iv e n  p o in t ,  P ,  o f  a 
p o t e n t i a l  s u r fa c e  o f  s l i d i n g  i n  a porous and 
s a t u r a t e d  m a t e r i a l ,
i t s  e f f e c t i v e  co h es io n ,
u n i t  p r e s s u re  a t  P ,~
h y d r o s t a t i c  p re s s u re  i n  w a te r  lo c a te d  n e x t  t o  po in t ,  P ,  
th e  an g le  o f  s h e a r in g  r e s i s t a n c e  o f  r o c k ,
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ro c k  slopes?
S **
w here, S «=.
° i
p ** 
U  *s
0  fs
The e f f e c t i v e  cohes ion ,  c^ ,  depends on th e  c o n t i n u i t y  o f  th e  j o i n t s  
i n  a  s e c t i o n  a c ro s s  th e  ro c k  mass* The p o r t io n s  o f  a s e c t i o n  in  
i n t a c t  ro c k  a re  c o n s id e re d  t o  be ’ g a p s 1 * This  g ives?
( 2 . 2)o * c 9 A * A
w here, c =* co h es io n  o f  i n t a c t  ro c k ,
A m t o t a l  a r e a  o f  s e c t i o n  th ro u g h  ro c k ,
A « t o t a l  a r e a  o f  gaps w i th i n  th e  s e c t i o n ,O
As a consequence o f  t h i s  r e d u c t io n  i n  th e  v a lu e  o f  co h es io n ,  th e  
f u r t h e r  r e d u c t io n  caused by th e  development o f  s u p e r f i c i a l  j o i n t i n g
n e a r  th e  s lo p e  s u r f a c e ,  and th e  b r i t t l e n e s s  o f  jo in te d  ro c k ,
T e rz a g h i  co n s id e re d  th e  in f lu e n c e  o f  co h es io n  on th e  s t a b i l i t y  o f  
s lo p e s  i n  jo in te d  ro c k  t o  be r e l a t i v e l y  u n im p o r ta n t .  O th e r  w o rkers ,  
n o ta b ly  P a t t o n  ( 1966) ,  have examined th e  a p p a re n t  co h es io n  o f  f a i l u r e
s u r f a c e s ,  and t h i s  i s  d is c u s s e d  more f u l l y  i n  Chapter 9»
T erz ag h i  a l s o  concluded  t h a t  a s  th e  $  v a lu e  o f  jo i n t e d  ro c k
might be more th a n  65° ,  th e  c r i t i c a l  s lo p e  an g le  f o r  h a rd ,  m assive
ro c k s  w ith  a random j o i n t  p a t t e r n  and w ith o u t  seepage p r e s s u re s  i s  
a b o u t 70°• Where th e  s lo p e  i s  on s t r a t i f i e d  sed im en ta ry  ro c k ,  th e  
c r i t i c a l  s lo p e  ang le  depends on th e  r e l a t i v e  o r i e n t a t i o n  o f  th e  
bedd ing  p la n e s  and th e  c ro s s  j o i n t s  ( F i g .  1) * The c ro s s  j o i n t s  a r e  
assumed t o  be p e rp e n d ic u la r  t o  th e  bedd ing  p la n e s .  Where th e  
bedd ing  p la n es  a re  h o r i z o n t a l  th e  c r i t i c a l  s lo p e  an g le  i s  v e r t i c a l  
ginc© no s l i d e  i s  p o s s i b l e .  I f  th e  bedd ing  p la n e s  d ip  i n t o  th e  s lo p e  
a t  an  ang le  (X , th e n  p rov ided  90°“* ^  i s  eq u a l  t o  o r  s m a l le r  th a n  
th e  an g le  o f  f r i c t i o n  o f  th e  c ro s s  j o i n t s ,  no f a i l u r e  i s  p o s s i b l e .
28
Fig. I. (a) Critical slope/ angle/ for stra+Q with regular cross joints.
piano
Cross
Fiq.l.(b) Critical slope/ analc for strata with staqqered cross joints. 
3 (after T e r ^ g h i, M6Z).
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I f  th e  c ro s s  j o i n t s  a re  s ta g g e re d  th e n  th e  c r i t i c a l  s lo p e  i s  s t e e p e r .  
I f  th e  bedd ing  p la n es  d ip  tow ards th e  s lope  a t  an an g le  l e s s  th a n  an 
an g le  o f  f r i c t i o n  o f  J>Q°, th e  c r i t i c a l  s lo p e  i s  90 ° .  Where o( 
i s  more th a n  30°  th e  c r i t i c a l  s lope  i s  equa l  to  0 ^ .
I n  h i s  paper T erzag h i a l s o  d e s c r ib e d  th e  e f f e c t  o f  v a r i a t i o n s  
i n  th e  w a te r  t a b l e  on th e  s t a b i l i t y  of s te e p  ro c k  s lo p e s .  J o i n t s  
te n d  t o  be more open n e a r  the  s lo p e  and th e  q u a n t i ty  o f  w a te r  
e n t e r i n g  th e  j o i n t  system w i l l  be g r e a t e r  th a n  e lse w h e re .  The 
w a te r  t a b l e  may th e r e f o r e  be l o c a l l y  h ig h e r .  Water i n  j o i n t s  
e x e r t s  a  p re s s u re  which T erzag h i termed c l e f t  w a te r  p r e s s u r e ,  t h a t  
may le a d  t o  s lo p e  f a i l u r e .  D uring th e  w in te r ,  f r e e z i n g  of w a te r  i n  - 
j o i n t s  n e a r  th e  's u r f a c e  may p rev en t th e  n a t u r a l  flow of w a te r  from 
th e  s lo p e ,  and t h i s  may cause a f u r t h e r  r i s e  i n  th e  w a te r  t a b l e  
g iv in g  in c re a s e d  c l e f t  w a te r  p r e s s u r e s  r e s u l t i n g  i n  s lo p e  f a i l u r e ,
T erzagh i quo tes  s t a t i s t i c s  c o l l e c t e d  by th e  Norwegian 
G eo tec h n ica l  I n s t i t u t e  which in d i c a te d  t h a t  ro c k  f a l l s  and s l i d e s  
a r e  most f r e q u e n t  i n  A p r i l  when th e  snows m e lt ,  and i n  O ctober 
when r a i n f a l l  i s  h e a v i e s t .  Most o f  th e  major s l i d e s  occur in  A p r i l  
when j o i n t s  a re  s t i l l  b locked  w ith  ic e  n ea r  th e  s u r f a c e ,  and snowmelt 
i s  p roduc ing  la rg e  q u a n t i t i e s  of w a te r  t o  e n t e r  th e  j o i n t  system  
c a u s in g  a r i s e  in  th e  w a te r  t a b l e .  A f te r  a p e r io d  o f  sev e re  w ea the r  
d u r in g  which th e  l e a s t  s t a b l e  s lo p e s  undergo f a i l u r e s ,  th e r e  may 
th e n  be a number o f  y e a r s  b e fo re  th e  ’ f r e s h '  s lo p e s  and o th e r  s lo p e s  
d e t e r i o r a t e  s u f f i c i e n t l y  f o r  more f a i l u r e s  to  o ccu r .  I n  h i s  paper  
T erzag h i m entions t h a t  i n  some a r e a s  th e re  i s  ev idence f o r  deep 
s e a te d  s l i d e s ,  p a r t i c u l a r l y  i n  th e  g e o lo g ic a l  p a s t .  The paper by
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T erzag h i has been found p a r t i c u l a r l y  u s e f u l  in  d ev e lo p in g  th e  a u t h o r ’ s 
w orking h y p o th e s is  d e s c r ib e d  in  Chapter
A s e r i e s  of p ap e rs  p u b lish e d  by th e  American Highway R esearch
Board in  19&3 were concerned  w ith  ro c k  s lope  s t a b i l i t y .  Those by
P h i l b r i c k ,  R i t c h ie ,a n d  Rausch e t  a l .  a re  p a r t i c u l a r l y  r e l e v a n t .
The papers  a r e . p r im a r i ly  concerned w ith  deep a r t i f i c i a l  c u t s  in  
r o c k .  P h i l b r i c k  d e s c r ib e d  th e  f a c t o r s  r e q u i r i n g  c o n s id e r a t io n  in  
th e  d e s ig n  o f  cu t  s lo p e s  i n  r o c k .  The g e o lo g ic a l  f a c t o r s  r e q u i r i n g  
i n v e s t i g a t i o n  in c lu d e !
(a )  th e  e x te n t  o f  v a r io u s  ro c k  ty p e s  p re se n t?
' o>) th e  d ep th  o f  w ea th e r in g ;
(c )  th e  o r i e n t a t i o n  o f  p la n e s  t r a v e r s i n g  th e  ro c k ;  and
(d) th e  w a te r  t a b l e  and su b su r fa c e  d r a in a g e .
C lim a t ic  c o n d i t io n s  and th e  o r i e n t a t i o n  of th e  cu t  are, c o n s id e re d  t o  
be f a c t o r s  i n f l u e n c in g  th e  r a t e  and type  of w e a th e r in g  p ro c e sse s  t h a t  
a f f e c t  th e  s lo p e ,  P h i l b r i c k  s t r e s s e s  th e  im portance o f  f i t t i n g  th e  
s lo p e  t o  th e  m a te r i a l s  p r e s e n t  r a th e r , . t h a n  v ic e  v e r s a . .
The d e te rm in a t io n  o f  th e  shape of  ro c k  segments composing th e  
s lo p e  must be made. I n  some c a se s  what would have been s t a b l e  cu t  
s lo p e s  a re  made u n s ta b le  by e x c e ss iv e  b l a s t i n g  which red u ce s  th e
s i z e  o f  th e  ro c k  segm ents .  P h i l b r i c k  a l s o  b r i e f l y  d e s c r ib e s  th e
\
p r o t e c t i o n  o f  c u ts  e . g .  by ro c k  b o l t i n g  or s u r fa c e  c o v e r in g s ,  th e  
use  o f  benches as  ro c k  c a t c h e r s ,  and th e  d ra in a g e  o f  s u r fa c e  and 
su b su r fa c e  w a te r .  He th e n  g iv e s  examples o f  the  d e s ig n  o f  c u t s  
i n  d u rab le  r o c k ,  n o n -d u rab le  r o c k ,  and com binations  o f  th e  two.
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The paper by R i t c h ie  d e s c r ib e s  th e  problem o f  ro c k  f a l l s  and 
th e  means o f  c o n ta in in g  them. V arious c u t s  s u b je c t  t o  ro c k  f a l l s  
were s tu d ie d  and a slow m otion camera used t o  f i lm  th e  t r a j e c t o r i e s  
o f  th e  f a l l i n g  r o c k s .  He d i f f e r e n t i a t e s  between th e  ways in  which 
ro c k s  move down a s lo p e .  On v e ry  s t e e p  s lo p e s  o f  0 ,25  s 1 (76°) 
ro c k s  ten d  t o  f a l l .  On l e s s  s t e e p  s lo p e s  o f  0 ,5  : 1 ( 64°) th e y  
bounce, and on g e n t l e r  s lo p e s  o f  1 ; 1 (45°) th e y  r o l l .  They may 
be co n ta in ed  by fe n c e s  a t  th e  base  o f  th e  s lo p e .  R i t c h ie  a l s o  
d e s c r ib e s  th e  problem of ro c k s  r o l l i n g  down s t e e p  t a l u s  s lo p e s  
and he found t h a t  th e s e  cou ld  be e f f e c t i v e l y  c o n ta in ed  by a 2m, 
h ig h  shock a b so rb in g  c h a in  l i n k  f e n c e ,
Rausch e t  a l .  d e s c r ib e  p r e l im in a ry  work i n  a r e s e a r c h  
programme aimed' a t  d e t e c t i n g  i n s t a b i l i t y  b e fo re  f a i l u r e  of a r o c k  
s lo p e  o ccu rs ,  and th e  p r e d e te rm in a t io n  o f  p r e c i s e ,  s a f e  maximum 
s lo p e  a n g le s  w ith  known f a c t o r s  o f  s a f e t y .  They d e s c r ib e  th e  
problem o f  d e s ig n in g  s lo p e s  f o r  highways, and a l s o  open p i t  mines, 
where p re v io u s  p r a c t i c e  had been  t o  use 1 cu t  and try* m ethods.
They concluded  t h a t  open p i t  f a i l u r e s  were due t o  th e  in f lu e n c e  
o f  r o c k  s t r u c t u r e  and w a te r  seepage ,  and s e t  out t o  exam ine1 th e  s t r e s s  
i n  and s t r e n g t h  o f  th e  s lo p e  o f  a deep p i t .
Some o f th e  r e s u l t s  o f  th e  d e t a i l e d  i n v e s t i g a t i o n s  a t  t h i s  
deep p i t  were l a t e r  d i s c u s s e d  by Long e t  a l ,  ( 1966) •  They d e f in e  
th e  main f a c t o r s  a f f e c t i n g  s t a b i l i t y  as  th e  s t r e s s  geom etry , r o c k  
s t r u c t u r e ,  en v iro n m en ta l  c o n d i t io n s ,  and e x c a v a t io n a l  p ro c e d u re s .
The s t r e s s e s  a c t i n g  i n  a s lo p e  depend on th e  r e g io n a l  s t r e s s  
d i s t r i b u t i o n  and th e  m o d i f ic a t io n  .of t h a t  d i s t r i b u t i o n  produced
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by th e  s lope* P h o t o e l a s t i c  model s t u d i e s  showed t h a t  g r a v i t y  induced  
s t r e s s  w i l l  no rm ally  Tt>e c o n c e n t ra te d  i n  th e  to e  o f  th e  s lo p e  and t h a t  
t e n s i o n a l  s t r e s s  e x i s t s  i n  th e  f l o o r  n ea r  th e  to e  ( F ig .  2) . I n  th e  
models u s in g  a  homogeneous i s o t r o p i c  m a te r i a l  a t h e o r e t i c a l  sh ea r  
p lane  e x i s t s  a t  an  an g le  o f  55° from th e  h o r i z o n t a l ,  and t h i s  7/as 
found t o  be independen t o f  th e  magnitude o f  th e  s t r e s s e s .  The 
l a t t e r  v/ere in c re a s e d  a s  th e  h e ig h t  o f  th e  p i t  w a l l  in c r e a s e d .
Berms d id  no t in c r e a s e  s t a b i l i t y #  Concave s lo p e s  were more s t a b l e  
t h a n  convex s lo p e s ,  s i n c e ,  i n  th e  fo rm er c a se ,  th e  s lo p e  i s  
a f f e c t e d  by h o r i z o n t a l  t e n s i o n a l  s t r e s s .
Study of open p i t  mines showed t h a t  f a i l u r e s  were n e a r ly  always 
a lo n g  p la n a r  or s t r u c t u r a l  d i s c o n t i n u i t i e s  i n  th e  r o c k .  I n  n a t u r a l  
r o c k  s lo p e s  s t r u c t u r a l  f e a t u r e s  were a l s o  found t o  be th e  main f a c t o r  
a f f e c t i n g  s t a b i l i t y .  A system  o f  r e c o r d in g  and p l o t t i n g  s t r i k e s  
and d ip s  o f  p lan es  i s  d e s c r ib e d  by Long e t  a l .  L ik e  T e rz ag h i  th e y  
em phasise th e  e f f e c t s  o f  w e a th e r in g  and s e a s o n a l  changes i n  th e  l e v e l  
o f  th e  w a te r  t a b l e .  They a l s o  m ention  as  a p o s s ib le  cause  o f  f a i l u r e  
w eakening of th e  t o e s  o f  s lo p e s  by o v e rb reak in g  d u r in g  e x c a v a t io n .
W ittk e  ( 1967) d e s c r ib e d  th e  s h e a r  s t r e n g t h  o f  j o i n t s  i n  a s lo p e  
i n  g r a n i t e  and i t s  e f f e c t  on th e  d e s ig n  o f  ancho rs  t o  s t a b i l i s e  th e  
s lo p e .  The g r a n i t e  was t r a v e r s e d  by two system s o f  p lane  p a r a l l e l  
j o i n t s ,  and s l i d i n g  was p o s s ib le  a lo n g  the  l i n e  o f  t h e i r  i n t e r s e c t i o n .  
For p r a c t i c a l  purposes  W ittke  ad o p ts  th e  s ta n d a rd  Coulomb-Mohr 
e q u a t io n  f o r  f a i l u r e :
*T ■» C + Of, t a n  ( 2 . 5)
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Fi^. 2L Le.ve.ls of stra in  and shear plane. developed >n phafoe.lastic. m odels of 
various slopes (after Lonc^etal.
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He th e n  d e s c r ib e s  how th e  f a c t o r  o f  s a f e t y  a g a in s t  s l i d i n g  p a r a l l e l  
t o  th e  i n t e r s e c t i o n  o f  th e  j o i n t s  may be c a l c u l a t e d .  B a s ic  mechanics 
p r i n c i p l e s  a re  used t o  d e te rm ine  th e  r e s i s t i n g  and d i s t u r b i n g  f o r c e s ,  
a l th o u g h  t h i s  case i s  com plica ted  by th e  i r r e g u l a r  shape o f  th e  
s l i d i n g  mass. H aving  c a l c u l a t e d  th e s e  f o r c e s  th e  anchor fo r c e  t o  
r e s i s t  motion can be e s t im a te d .
M o rg en s te rn  ( 1968) d i s t i n g u i s h e d  between d e fo rm a tio n  problems 
r e q u i r i n g  c a l c u l a t i o n  o f  d isp la c e m e n ts  i n  ro c k ,  and f a i l u r e  problems 
concerned  m ainly  w i th  s h e a r in g  r e s i s t a n c e  o f  r o c k .  The l a t t e r  
c a te g o ry  in c lu d e s  th e  s t a b i l i t y  o f  ro c k  s l o p e s .  He d e s c r ib e d  th e  
s o l u t i o n  o f  ro c k  s lo p e  problems u s in g  l i m i t  e q u i l ib r iu m  methods 
em ploying th e  Coulomb^Mohr f a i l u r e  c r i t e r i o n  w ith  r e s p e c t  t o  
e f f e c t i v e  s t r e s s .  The methods a p p l ie d  were e s s e n t i a l l y  those  
adop ted  i n  s o i l  mechanics s e p a r a t in g  th e  s l i d i n g  mass i n t o  a s e t  
o f  s l i c e s  or wedges. M o rg en s te rn  d e s c r ib e d  th e  im portance o f  
s t r u c t u r a l  d i s c o n t i n u i t i e s  i n  th e  ro c k  mass and th e  e f f e c t  of 
v a r i a t i o n s  i n  th e s e  on th e  s h e a r in g  r e s i s t a n c e  o f  th e  mass. He 
co n c lu d es  t h a t  th e  i n c l i n a t i o n  of p la n e s  o f  weakness w i l l  p r im a r i ly  
c o n t r o l  th e  shape o f  th e  c r i t i c a l  s l i p  s u r f a c e ,  b u t  t h a t  d e t a i l e d  
f i e l d  o b s e rv a t io n  in  a v a r i e t y  o f  r o c k  ty p e s  w i l l  be r e q u i r e d  
b e fo re  th e  movement o f  ro c k  masses w i l l  be f u l l y  u n d e rs to o d .
M orgens te rn  d i s t i n g u i s h e s  betw een peak and r e s i d u a l  sh e a r  
s t r e n g t h  and s u g g e s ts  t h a t  th e  a v a i l a b l e  r e s i s t a n c e  o f  a ro ck  mass 
w i l l  l i e  between th e s e  l i m i t s .  P r o g r e s s iv e  f a i l u r e  le a d in g  t o  a 
d e c re a se  i n  th e  sh e a r  s t r e n g t h  may r e s u l t  from p h y s ic a l  and 
chem ica l w ea th e r in g  a n d /o r  l o c a l  s t r e s s  c o n c e n t r a t i o n s .  The e f f e c t
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o f  w a te r  p re s s u re  i n  re d u c in g  th e  s h e a r in g  r e s i s t a n c e  i s  a l s o  
c o n s id e re d  t o  he im p o r ta n t ,  b u t  th e  w a te r  p re s s u re  d i s t r i b u t i o n  
may a l s o  be r e l i a b l y  found u s in g  i n  s i t u  t e s t s ,
Jo h n  (1968) d e s c r ib e s  th e  use o f  eq u a l  a re a  n e t s  and th e  
f r i c t i o n  cone concep t f o r  s o lv in g  ro c k  s lo p e  problems* Two 
ty p e s  o f  s l i d i n g  movement a r e  c o n s id e re d  a s  examples: wedge
ty p e  movement on two p la n e s ,  and b lo c k  ty p e  movement on one 
p lan e  o n ly .  S t a b i l i t y  l i m i t s  and f a c t o r s  o f  s a f e t y  may be 
c a l c u l a t e d  by t h i s  g r a p h ic a l  method. Although a n g le s  o f  f r i c t i o n  
d e te rm ined  from s h e a r  t e s t s  may be a s s ig n e d  t o  th e  f a i l u r e  p la n e s ,  
c o h es io n  cannot be a llow ed  f o r  i n  t h i s  method. I n  h i s  c o n c lu s io n s  
Jo h n  s t r e s s e s  th e  im portance  o f  c o l l a b o r a t i o n  between g e o l o g i s t  
and e n g in e e r  i n  most r o c k  mechanics s t u d i e s .
I n  d i s c u s s io n  o f  Jo h n ’ s p ap e r ,  P a n e t  (19&9), V ig ie r  (19^9) 
and Goodman ( 1969) have d e s c r ib e d  th e  a p p l i c a t i o n  o f  th e  s t e r e o -  
g r a p h ic a l  te ch n iq u e  t o  d i f f e r e n t  and more complex ro c k  s lo p e  
prob lem s, and .V orm eringer (1969) d e s c r ib e s  a two d im en s io n a l  
p la n a r  c o n s t r u c t io n .
Londe e t  a l  (1969) c o n s id e re d  t h a t  th e  s t a b i l i t y  o f  most 
r o c k  s lo p e s  cou ld  be c o n s id e re d  i n  te rm s of  t h e . s t a b i l i t y  o f  a 
t e t r a h e d r a l  volume o f  r o c k .  The t e t r a h e d r o n  i s  d e f in e d  by the  
i n t e r s e c t i o n  o f  t h r e e  p la n e s  w i th in  th e  s lo p e .  The method of 
. c o n s t r u c t i o n  d e s c r ib e d  in v o lv e s  a l l  p o s s ib le  movements o f  th e  
t e t r a h e d r o n  drawn on a  s p h e re .  Such a method i s  c l e a r l y  more 
d i f f i c u l t  and more in v o lv ed  i n  p r a c t i c e  th a n  employing the  equa l  
a r e a  n e t  f o r  th e  t h r e e  d im en s io n a l  r e p r e s e n t a t i o n .
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Hoek (1970b) draws a t t e n t i o n  t o  th e  la c k  o f  r e a d i l y  a v a i l a b l e  
in fo rm a t io n  f o r  th e  s o l u t i o n  o f  s lo p e  s t a b i l i t y  problems in  open­
c a s t  m ines. He comments t h a t  a l th o u g h  th e r e  i s  much p u b lish e d  
in fo rm a t io n  on s lo p e  s t a b i l i t y ,  most i s  devoted t o  t h e o r e t i c a l  
a n a l y s i s  which may u s u a l l y  be a p p l ie d  only  by s p e c i a l i s t s .  Hoek 
re v ie w s  th e  m echanica l c h a r a c t e r i s t i c s  o f  r o c k  and s o i l  and th e  
m echanics o f  s lope  f a i l u r e .  He p a r t i c u l a r l y  n o te s  th e  in f lu e n c e ,  
o f  j o i n t ,  roughness  and w a te r  p r e s s u r e s  on sh ea r  s t r e n g t h ,  Hoek 
d e r iv e s  s lo p e  d e s ig n  c h a r t s  f o r  p lane  and c i r c u l a r  f a i l u r e s  and 
d e s c r ib e s  how th e s e  may be a p p l ie d  t o  s p e c i f i c  s lo p e  problem s.
He a l s o  d e s c r ib e s  some o f th e  more complex f a i l u r e s  t h a t  may 
occur  such a s  s l i d i n g  o f  a wedge o f  r o c k ,  Hoek comments t h a t  
a l th o u g h  t h e o r e t i c a l  s o lu t i o n s  based  on v e c to r  a n a l y s i s  e x i s t ,  
such  a s  t h a t  by Londe a l r e a d y  d e s c r ib e d ,  th e  major problem i s  th e  
d e te rm in a t io n  o f  r e l i a b l e  f i e l d  d a ta  r a t h e r  th a n  t h e o r e t i c a l  
s o l u t i o n .  Although w i th  s o i l s ,  th e  s ta n d a rd  l a b o r a to r y  t e s t s  f o r  
th e  d e te rm in a t io n  of s t r e n g t h  c h a r a c t e r i s t i c s  a re  u s u a l l y  r e l i a b l e ,  
i n  th e  case o f  ro c k  masses th e  sh e a r  s t r e n g t h  depends on such 
f a c t o r s  as  th e  s t r e n g t h  o f  th e  i n t a c t  m a te r i a l ,  and th e  f req u en cy ,  
o r i e n t a t i o n ,  i n c l i n a t i o n ,  roughness  and s t r e n g t h  o f  j o i n t s  and 
bedd ing  p la n e s ,  and f u r t h e r  work w i l l  be r e q u i r e d  b e fo re  th e s e  
a s p e c t s  a re  f u l l y  u n d e rs to o d .  Hoek a l s o  su g g e s ts  th e  use  of 
a n a l y s i s  o f  a c t u a l  s lo p e  f a i l u r e s  i n  th e  f i e l d  t o  de te rm ine  th e  
s h e a r  s t r e n g t h  o f  th e  ro c k  mass in v o lv e d .  The d e te rm in a t io n  o f  
g roundw ater c o n d i t io n s  he a l s o  c o n s id e r s  to  be im p o r ta n t .
I n  1971 Hoek add Boyd em phasised th e  im portance o f  s t r u c t u r a l
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d i s c o n t i n u i t i e s  i n  c o n t r o l l i n g  ro c k  s lo p e  s t a b i l i t y .  They d e s c r ib e  
t h r e e  main ty p e s  o f  f a i l u r e ;
(a )  p la n a r  s l i d e s ;
<b) b lo c k  to p p l in g ;  and 
(c )  wedge s l i d e s .
The o ccu rrence  of to p p l in g  or s l i d i n g  i s  b e l ie v e d  t o  depend on th e  
geom etry  o f  th e  s l i d i n g  b lo c k s  composing th e  s lo p e  and th e  
i n c l i n a t i o n  and f r i c t i o n  o f  th e  p lane  a lo n g  which f a i l u r e  o c c u rs ,
A s im ple model t o  dem onstra te  to p p l in g  f a i l u r e  i s  d e s c r ib e d .
The f a c t o r s  a f f e c t i n g  c o a s t a l  s t a b i l i t y  a re  d e s c r ib e d  in  a 
paper by Muir Wood (197*0 • Four main groups of f a c t o r s  a re  
r e c o g n ise d ;  (a )  topography ; (b) geo logy  and hydro logy ;
(c )  h i s t o r i c a l ;  and (d) m arin e .  He d e s c r ib e s  b r i e f l y  th e  
s p e c i a l  problems t h a t  e x i s t  i n  th e  s t a b i l i t y  o f  c o a s t a l  ro c k  s lo p e s .  
These in c lu d e  th e  p o s s i b i l i t y  o f  h ig h  p r e s s u re s  i n  f i s s u r e s  caused 
by b re a k in g  waves. To s t a b i l i s e  c o a s t a l  r o c k  s lo p e s  knowledge of 
th e  f i s s u r i p g  i s  r e q u i r e d .  P r o t e c t i o n  of  th e  to e  i s  o f  prime 
im p o rtan ce .  M uir Wood c o n s id e r s  t h a t  th e  ground c h a r a c t e r i s t i c s  
a re  u s u a l l y  i n s u f f i c i e n t l y  well-know n t o  j u s t i f y  th e  u se  o f ' r e f i n e d  
a n a l y t i c a l  te c h n iq u e s ,  ex cep t a s  an academic e x e r c i s e  a f t e r  a 
f a i l u r e  has o c c u r re d .  Ground w a te r  may red u ce  s t a b i l i t y  by c a u s in g  
i n t e r n a l  e r o s io n  and by re d u c in g  th e  e f f e c t i v e  normal s t r e s s  a c ro s s  
p o t e n t i a l  f a i l u r e  s u r f a c e s .  Also d e s c r ib e d  a re  some methods o f  
s t a b i l i s i n g  u n s ta b le  c o a s t a l  s lo p e s .  I n  c o n c lu s io n ,  M uir Wood 
comments MI t  i s  u s u a l l y  f a r  more im p o r tan t  t o  be a b le  t o  r e c o g n is e  
th e  s i g n i f i c a n t  f a c t o r s  a f f e c t i n g  s t a b i l i t y  th a n  i t  i s  t o  a t te m p t t o  
a p p ly  any v e ry  p r e c i s e  method o f  a n a l y s i s ! 1*
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Hoek, B ray  and Boyd (1975) d e a l  s p e c i f i c a l l y  w i th  methods f o r  
th e  s o l u t i o n  o f  wedge f a i l u r e s .  The methods employed a r e  engineering* 
g r a p h ic s ,  s p h e r i c a l  p r o j e c t i o n s  and a n a l y t i c a l  s o l u t i o n s .  The 
com bination  o f  g r a p h ic a l  and a n a l y t i c a l  te c h n iq u e s  i s  a l s o  d e c r ib e d .
The a u th o rs  s t r e s s  th e  s e n s i t i v i t y  o f  s lo p e s  t o  w ate r  p r e s s u r e s .
Londe (1973 a) d e a l t  a t  g r e a t e r  le n g th  w ith  w a te r  seepage in  
r o c k  s lo p e s .  The two main e f f e c t s  a re  e r o s io n  o f  m a te r i a l  due t o  t h e  
v e l o c i t y  o f  flow  and a r e d u c t io n  i n  th e  s t a b i l i t y  caused by th e  
p r e s s u re  o f  w a te r .  He c o n s id e r s  t h a t  th r e e  ty p e s  o f  c o n d i t io n s  may e x i s t  
i n  which d i f f e r e n t  seepage f low s may o ccu r .  These t h r e e  ty p e s  o f  flow  
occur i n  porous ro c k s ,  ro c k  w ith  p lane  f i s s u r e s ,  and ro c k  w i th  sm all  
c h a n n e ls .  Methods o f  im proving d ra in a g e  i n  s lo p e s  by d ra in a g e  and 
g r o u t in g  a re  d i s c u s s e d  w i th  r e f e r e n c e  t o  a c t u a l  exam ples. Londe (1973 b) 
a l s o  shows how th e  s p h e r i c a l  th r e e  d im ens iona l  a n a l y s i s  d e s c r ib e d  i n  
h i s  e a r l i e r  paper (Londe, 1969) ®ay be u n d e r ta k en  u s in g  plane p r o j e c t i o n  
methods and how th e s e  te c h n iq u e s  may be a p p l ie d  t o  s p e c i f i c  problem s.
At th e  tim e o f  w r i t i n g  a rev iew  o f th e  p r e s e n t  * s t a t e  o f  th e  a r t 1 
co nce rn ing  th e  d e s ig n  o f  r o c k  s lo p e s  and fo u n d a t io n s  has  been p re s e n te d  
by Hoek and Londe ( 1 9 7 4 ) .  The r e p o r t  g iv e s  a u s e f u l  summary o f  th e  
te c h n iq u e s  a v a i l a b l e  and a t te m p ts  t o  i d e n t i f y  th o se  a r e a s  where f u r t h e r  
r e s e a r c h  i s  r e q u i r e d .
2 ,5  P re v io u s  work on s lo p e s  i n  c h a lk .
There i s  c o n s id e ra b le  g e o g ra p h ic a l  l i t e r a t u r e  concerned  w ith
c h a lk  a r e a s .  Most o f  t h i s  l i t e r a t u r e  i s  p u re ly  d e s c r i p t i v e  or i s  
concerned  w i th  th e  g e o lo g ic a l  h i s t o r y  le a d in g  to  th e  development o f
\  *
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th e  p re s e n t  la n d sc a p e .  Except i n  a few case s  t h i s  l i t e r a t u r e  has 
no t been found p a r t i c u l a r l y  u s e f u l  i n  d e f in in g  i n  d e t a i l  th e  f a c t o r s  
t h a t  le a d  to  s t a b l e  or u n s ta b le  c o n d i t io n s  in  s lo p e s ,
C la rk  ( 1965) has  drawn a t t e n t i o n  t o  th e  im portance o f  l i t e r a t u r e  
concerned  w i th  c h a lk  landform s and th e  g e n e r a l  la c k  o f  o b je c t iv e  
s c i e n t i f i c  d a t a .  O nly th o se  p u b lish e d  g e o g ra p h ic a l  works t h a t  a re  
c o n s id e re d  e s p e c i a l l y  r e l e v a n t  to ' th e  p re s e n t  r e s e a r c h  a r e  t h e r e f o r e
m entioned . T hereu ih  on ly  l i m i t e d  g e o l o g ic a l  and e n g in e e r in g  l i t e r a t u r e
\a v a i l a b l e .  Although a number o f  papers  d e a l  w ith  th e  l a rg e  s c a le  
l a n d s l i p s  o f  ch a lk  in v o lv in g  th e  u n d e r ly in g  G ault Clay a n d /o r  U pper 
G reensand, few papers  s p e c i f i c a l l y  d e a l  w i th  th e  s t a b i l i t y  o f  c h a lk  
i n  s t e e p  s lo p e s  and th e  ty p e s  o f  f a i l u r e  t h a t  may occur t h e r e i n ,
F is h e r  (1866) examined th e  d i s i n t e g r a t i o n  o f  c h a lk  c l i f f ' a n d  
concluded  t h a t  the  r e c e s s i o n  o f  such a c l i f f  due t o  w e a th e r in g  i s  
i n  th e  form of a p a r a b o l i c  c u rv e .  McDakin ( 1895) d e s c r ib e d  how i n  
1891 a  house a t  th e  fo o t  o f  th e  c h a lk  escarpm ent n ea r  Danton Farm, 
o u ts id e  F o lk e s to n e ,  was d e s t ro y e d  by an  1 a v a l a n c h e ' . The cause o f  
th e  ava lanche  was b e l ie v e d  t o  be th e  sudden thaw ing  of  snow on th e  
f r o a e n  c h a lk  a t  th e  to p  o f  th e  Downs. The w a te r  r e l e a s e d  c a r r i e d  
down loamy m a te r i a l  on to p  o f  th e  c h a lk .
The p o s s ib le  r e l a t i o n s h i p  betw een s u r f a c e  topog raphy  and th e  
h a rd n e ss  o f  th e  u n d e r ly in g  c h a lk  was examined i n  th e  South Downs 
by B u l l  (1 9 3 6 ) .  He concludes  t h a t  th e  M elbourn Rock, a h a rd e r  band, 
does te n d  to  form e r o s io n  l e v e l s  a l th o u g h  t h i s  i s  no t so i n  eve ry  
c a s e .  Sparks (1949) has  a t te m p te d  t o  show a much more d e t a i l e d  
r e l a t i o n s h i p  between topography  and th e  e f f e c t s  o f  geo logy  and
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l i t h o l o g y .  Small d i f f e r e n c e s  i n  th e  p e rm e a b i l i ty  of th e  v a r io u s  
h o r iz o n s  o f  c h a lk  form ing  th e  South Downs might accoun t f o r  some 
v a r i a t i o n s  in  topo g rap h y .  The work of  B u l l  and Sparks i s  a l s o  
d i s c u s s e d  i n  C hapter 5*
Much g e o g ra p h ic a l  l i t e r a t u r e  has  a l s o  been  concerned  w ith  
th e  o r ig i n s  o f  the  d ry  v a l l e y s .  These may be due to :
(a )  low ering  o f  th e  w a te r  t a b l e  l e v e l  a s s o c i a t e d  w i th  s c a rp  
r e t r e a t t
(b) a h ig h  w a te r  t a b l e  a t  th e  end o f  th e  P l e i s t o c e n e  a l lo w in g
s p r in g  sapp ing  and s tream  f low ; or
(c )  f r e e z i n g  o f  s a t u r a t e d  c h a lk  t o  g iv e  an impermeable m a te r i a l
a b le  t o  su p p o r t  s tream  flow  and normal e r o s io n .
The o r i g i n  o f  d ry  v a l l e y s  i s  d iscu ssed ' by* f o r  example, Sparks ( i 960) .
Work by O i l i e r  and Thoraasson (1957) i n  th e  C h i l t e r n s  i n d i c a t e s  
t h a t  many s lo p es  o f  8°  o r  l e s s  c o n s i s t  o f  ch a lk  covered  by f l i n t y  c l a y  
o r  loam, and on ly  i n  s t e e p e r  s lo p e s ,  f o r  example 18°, does ch a lk  
occur a t  th e  s u r f a c e .  They a l s o  conclude t h a t  t h e r e  i s  a dominant 
w est f a c in g  asymmetry o f  th e  v a l l e y s  which d a te s  f r o m 'th e  p e r io d  o f  
a c t i v e  v a l l e y  fo rm a t io n .  However, v a l l e y  asymmetry i s  a s u b je c t  of 
some deba te  ( s e e  f o r  example Young, 1972).
C la rk  ( 1965) p r e s e n t s  surveyed  p r o f i l e s  o f  c h a lk  s lo p e s .  The 
ty p e s  o f  s lo p es  were d iv id e d  i n t o  th r e e  g roups: s c a rp  coombes?
t r u n c a t e d  c o a s t a l  v a l le y s ?  and in la n d  d ip  s lo p e  v a l l e y s .  S carp  
coombes were t y p i f i e d  by s lo p e  a n g le s  i n  th e  21-25°  r a n g e .  Maximum 
s lo p e  a n g le s  were i n  th e  range  2 9 -3 3 ° .  S lopes  s t e e p e r  th a n  32-33°
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were found to  show in c r e a s in g  s ig n s  o f  i n s t a b i l i t y .  I n  th e  Devil* s 
K nead ing trough  th e  upper s lo p e s  r e a c h  35*5° b u t  a r e  u n s t a b l e .  C o a s ta l  
v a l l e y s  show c o n c e n t r a t io n s  a t  10- 11°  and 6- 8° and in la n d  v a l l e y s  
show c o n c e n t r a t io n s  a t  3-8°* C la rk  c o n s id e r s  t h a t  th e  c h a r a c t e r i s t i c  
s lo p e  a n g le s  o f  8- 9°* 26- 28° and 32° may r e p r e s e n t  p a r t i c u l a r  s t a g e s  
i n  s lo p e  developm ent. He concludes  t h a t  th e r e  ap p ea rs  t o  be no 
r e l a t i o n s h i p  between s lo p e  and l i t h o l o g y  a n d /o r  p e r m e a b i l i ty .  T his  
might sugges t  o r ig i n s  f o r  many o f  th e  landform s i n  g l a c i a l  or p e r i -  
g l a c i a l  t im e s  when l i t h o l o g i c a l  f a c t o r s  would be o f  minimal i n f l u e n c e .  
There i s  some r e l a t i o n s h i p  betw een asym m etr ica l v a l l e y s . a n d  th e  
s t r u c t u r a l  geo logy .
Smart e t  a l  ( 1966) comment t h a t  n ea r  S u g a r lo a f  H i l l ,  F o lk e s to n e ,  
th e  topography  s u g g e s ts  th e  o ccu rrence  o f  l a n d s l i p s  a f f e c t i n g  th e  
C halk . S cars  and b u lg in g  o f  th e  to e s  on th e  G ault Clay a r e  c i t e d  
a s  e v id e n c e .  However, th e s e  l a n d s l i p s  p robab ly  in v o lv e  th e  G ault 
Clay and a re  r e l a t e d  t o  th e  nearby  r o t a t i o n a l  l a n d s l i p s  o f  F o lk e s to n e  
Y7arren t h a t  i s  o u ts id e  th e  scope o f  th e  p re s e n t  i n v e s t i g a t i o n .  A 
d e s c r i p t i o n  o f  th e  geo logy  o f  th e  F o lk es to n e  Warren l a n d s l i p  i s  g iv e n  
by Smart e t  a l  (1 9 6 6 ) .  D e ta i le d  i n v e s t i g a t i o n s  o f  th e  l a n d s l i p  a re  
d e s c r ib e d  and d i s c u s s e d  by , f o r  example, Toms (1946) and H u tch in so n  
(1 9 6 9 ) .  -
•Toms (1966) d e s c r ib e s  a  number o f  s lo p e s  i n  c h a lk .  At S a l td e a n  
a  c h a lk  fa c e  has b een  c u t  back a t  75° bo th e  h o r i z o n t a l  and a l th o u g h  
w ith o u t  v e g e t a t i o n ,  i t  i s  a p p a r e n t ly  s t a b l e .  Y e t ,  in  1940, a f t e r  
e x c e p t io n a l  r a i n f a l l  and c o ld ,  a c l i f f  i n c l in e d  a t  65- 70°  between 
A b b o ts c l i f f  and Dover was s u b je c t  t o  major c l i f f  f a l l s .  On th e  s lo p e s
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o f  deep r a i lw a y  c u t t i n g s  i n  th e  M iddle and Upper Chalk i n  S u rrey  
and Sussex v e g e ta t i o n  w i l l  no t rem a in  perm anently  on s lo p e s  s t e e p e r  
th a n  about 45°* On s lo p e s  s t e e p e r  th a n  t h i s  a  p e r io d  o f  con t inuous  
r a i n f a l l  fo llow ed  by f r e e z i n g  and th e n  thaw ing r e s u l t s  i n  ’ b u r s t i n g 1 
o f  th e  s u r fa c e  and rem oval o f  th e  v e g e t a t i o n .  T his  le n d s  support 
t o  th e  h y p o th e s i s  o f  T e rz a g h i  d e s c r ib e d  i n  S e c t io n  2,4*
Hummocky topography  developed  on th e  Chalk e a s t  o f  Newmarket 
has  been  d e s c r ib e d  by Worssam and T ay lo r  ('196$) • The topography  
c o n s i s t s  of r i d g e s  and hollow s t h a t  a r e  oval i n  p la n  and 45-155 m* lo n g .  
The c r e s t s  o f  th e  r i d g e s  a r e  a s  much a s  2 -  2 .5  m. above a d ja c e n t  hollow s 
Trenches i n d i c a t e  t h a t  th e  r i d g e s  a re  o f  c h a lk  and th e  hollow s c o n ta in  
sa n d .  The o r i g i n  o f  th e  sand i s  u n c e r t a i n .  The hummocky ground i s  
su g g es ted  t o  be due t o  s o l u t i o n  o f  th e  ch a lk  or p e r i g l a c i a l  a c t i o n  i n  
th e  P l e i s t o c e n e .  The most s t e e p l y  r id g e d  a r e a s  occur where th e  
T o t te rn h o e  Stone and th e  M elbourn Rock a re  a t  or n ea r  th e  s u r f a c e .
The topography  i s  th e r e f o r e  r e l a t e d  t o  the  o u tc ro p  o f  h o r iz o n s  t h a t  
a l lo w  f r e e  passage o f  ground w a te r .  S o lu t io n  o f  th e  ch a lk  would be 
c o n c e n t ra te d  i n  th e s e  h o r iz o n s  l e a d in g  t o  su b sid en ce  o f  th e  ground 
s u r f a c e .  A l t e r n a t i v e l y ,  th e  s u s c e p t i b i l i t y  o f  c h a lk  t o  f r o s t  a c t i o n  
may be th e  main c a u se .  I n  su p p o r t  o f  t h i s  a r e  th e  fo l lo w in g ;  (a )  th e  
occu rrence  o f  t h i s  topography  i n  Cam bridgeshire  b u t  n o t  t o  th e  s o u th ,  
r e l a t i n g  t o  th e  s i m i l a r  o ccu rrence  o f  f o s s i l  p a t t e r n e d  ground; (b) i t s  
development a t  th e  l e v e l  of th e  F i r s t  T errace  s u g g e s t in g  a W e ic h se l ia n  
ag e ;  and (c)  i t s  c o in c id e n c e  w ith  th e  o u tc ro p s  o f  w a te r - y i e ld in g  
c h a lk  t h a t  might be more s u s c e p t i b l e  t o  f r o s t  a c t i o n .
Ward (1971) g iv e s  a b r i e f  d e s c r i p t i o n  o f  work u n d e r ta k en  i n
45
co n n e c t io n  w ith  th e  M4O motorway c u t t i n g  th rough  th e  C h i l t e r n s .
A survey  of e x c a v a t io n s  i n  th e  C h i l t e r n s  r e v e a le d  t h a t  none were 
d eep e r  th a n  about 18ra., b u t  t h a t  some w i th  n ea r  v e r t i c a l  f a c e s ,  
up t o  18m. h ig h ,  had rem ained s t a b l e  f o r  many y e a r s .  A major 
f a c t o r  i n  the  s t a b i l i t y  o f  th e s e  s lo p e s  i s  the  l im i t e d  amount 
o f  s u p e r f i c i a l  f r o s t  a c t i o n  p o s s ib le  i n  con fined  q u a r ry  f a c e s .
On s i t e  b o re h o le s  r e v e a le d  most d i s c o n t i n u i t i e s  t o  be in c l i n e d  
a t  a n g le s  o f  more th a n  50° t o  th e  h o r i z o n t a l .  Ward s t a t e s  t h a t  
”A major problem was t o  o b ta in  a r e a l i s t i c  v a lu e  o f  th e  e f f e c t i v e
1 A1s t r e s s  pa ram ete rs  c and p  f o r  th e s e  d i s c o n t i n u i t i e s ” . A v a lu e
» t Qo f  p  *= 35 was o b ta in e d  from d ra in e d  sh ea r  box t e s t s  on j o i n t  
and f a u l t  s u r f a c e s .  A nalyses  of s l i d e s  were made u s in g  a v a lu e  
o f  p -  35°> t o  g ive  v a lu e s  o f  c = 5-700 KH/m2 a c c o rd in g  t o  th e  
w eigh t o f  th e  s l i d e .
H u tch in so n  (1972) shows a c o r r e l a t i o n  between th e  in c id e n c e  
o f  c h a lk  f a l l s  on th e  K ent c o a s t  and c l im a t i c  f a c t o r s  v i z .  average  
monthly e f f e c t i v e  r a i n f a l l  and average number of days o f  a i r  f r o s t  
p e r  month. He n o t e s ,  however, t h a t  th e  ex a c t  mechanisms by which 
th e s e  c l im a t i c  f a c t o r s  a f f e c t  s t a b i l i t y  s t i l l  have to  be e s t a b l i s h e d .  
They may in c lu d e  pore and f i s s u r e  w ater  p r e s s u r e s ,  ic e  a c t i o n  opening 
j o i n t s  or p re v e n t in g  w a te r  f low , and th e  in c re a s e d  w eight o f  a 
p o t e n t i a l l y  u n s ta b le  mass by an  in c re a s e  in  i t s  degree  o f  s a t u r a t i o n .  
Wave a c t i o n  i s  perhaps im p o r tan t  i n  th e  case of s ea  c l i f f s .  
H u tch in so n  d e s c r ib e s  th e  i n v e s t i g a t i o n  o f  & f a l l  i n  c l i f f s  a t  
Hackemdown P o i n t ,  J o s s  Bay, T h a n e t . D rained sh ea r  box t e s t s  on 
samples of th e  c h a lk  gave a peak s t r e n g t h  envelope d e f in e d  by
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c *=1J1 ICtl/m^ and ft = 4-2°* T e s ts  on smooth p la n a r  s u r f a c e s  t o
1determ ine  th e  d ra in e d  r e s i d u a l  sh e a r  s t r e n g t h  gave c == 0 and
t * QP = 30 • A wedge type  s t a b i l i t y  a n a l y s i s  i n  te rm s o f  e f f e c t i v e  
s t r e s s  was u n d e r ta k e n  by H u tc h in so n .  The a n a ly s e s  were made 
assuming ze ro  w a te r  p re s s u re  on th e  f a i l u r e  s u r f a c e ,  s in c e  
p iezo m ete rs  i n d i c a te d  only  t i d a l  f l u c t u a t i o n s ,  a l th o u g h  f i s s u r e  
w a te r  p r e s s u r e s  may have e x i s t e d  p r i o r  t o  f a i l u r e .  An a n a l y s i s  
was made, however, assuming a t e n s i o n  c ra c k  h a l f - f i l l e d  w i th  
w a te r .  The maximum average  s h e a r  s t r e n g t h  p o s s ib le  i n  th e  c h a lk  
examined was found t o  be 218 KH/m • T his  i n d i c a t e s  t h a t  th e  
maximum h e ig h t  of a v e r t i c a l  c l i f f  i n  t h a t  c h a lk  i s  30 .7  m.
'Arber (1973) d e s c r ib e s  th e  l a n d s l i p s  i n  West D orse t and 
S o u th -e a s t  Devon in v o lv in g  s t r a t a  from the  Keuper M arl t o  th e  
C halk . A la rg e  l a n d s l i p  in v o lv in g  th e  Chalk a f f e c t s  th e  c o a s t a l  
a r e a  between Lyme R egis  and Axmouth, The l a n d s l i p  has been  ; 
a t t r i b u t e d  t o  th e  lower p a r t  o f  th e  Foxmould (Upper Oreensand) 
be ing  reduced  t o  a qu icksand  a f t e r  e x c e p t io n a l ly  heavy r a i n f a l l ,  
fo l low ed  by s l i d i n g  on th e  u n d e r ly in g  impermeable L ia s  s t r a t a .  
More r e c e n t  ev idence i n d i c a t e s  t h a t  th e  s l ip p e d  masses d ip  
landw ards and a re  t h e r e f o r e  b lo ck s  formed as  a r e s u l t  of 
r o t a t i o n a l  s l i d i n g  a lo n g  s l i p  p la n e s  (Ward, 1945 and A rber, 1973) * 
These l a n d s l i p s  a re  t h e r e f o r e  o f  a  s i m i l a r  c h a r a c t e r  t o  t h a t  a t  
F o lk es to n e  Warren and a re  n o t  s p e c i f i c a l l y  d e a l t  w ith  i n  t h i s  
i n v e s t i g a t i o n .
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3 . THEORY OF ROCK SLOPE STABILITY
3 * 1 I  n t ro d u c t  io n
The rev iew  o f p rev io u s  r e s e a r c h  work r e v e a le d  t h a t  a number
of p o s s ib le  f a c t o r s  which may a f f e c t  th e  s t a b i l i t y  o f  ro c k  s lo p e s
have been r e c o g n i s e d .  The r e l a t i v e  im portance g iv e n  t o  th e s e
f a c t o r s  v a r i e s  from a u th o r  t o  a u th o r ,  and i s  a l s o  dependent on
th e  n a tu re  of th e  a c t u a l  s lo p e  under d i s c u s s io n .  The p re s e n t
a u th o r  t h e r e f o r e  c o n s id e re d  th e  a d o p t io n  o f  a w orking h y p o th e s i s
f o r  r o c k  s lope  s t a b i l i t y  t o  be n e c e s s a ry .  T h is  a l low ed  c l o s e r
d e f i n i t i o n  of th o se  f a c t o r s  r e q u i r i n g  g r e a t e r  e x am in a t io n .  The
papers  by T e rz ag h i ( 1962) and Hoek ( 1970b) have been  found
p a r t i c u l a r l y  u s e f u l  i n  d ev e lo p in g  a working h y p o th e s i s  s u i t a b l e
f o r  t h i s  s tu d y  which i s  p r im a r i l y  a f i e l d  and l a b o r a to r y
i n v e s t i g a t i o n  r a t h e r  th a n  a t h e o r e t i c a l  a n a l y s i s .
3*2 Working h y p o th e s is
I f  r o c k  i s  w ith o u t  f r a c t u r e s  and unw eathered th e n  i t  i s  a b le
t o  form a v e r t i c a l  s lo p e  o f  c o n s id e ra b le  h e i g h t ,  T e rz ag h i  ( 1962)
has  shown t h a t  f o r  even a co m p ara t iv e ly  v/eak ro c k  (com press ive
s t r e n g t h  = 34**500 kN/rn^, and u n i t  w eigh t = 2723 kg/m^) th e
c r i t i c a l  h e ig h t  f o r  a v e r t i c a l  s lo p e  would be 1267 Once
exposed a t  th e  s u r f a c e ,  however, th e  fa c e  o f  such  a s lo p e  would
b e g in  t o  w ea th e r ,  p ie c e s  o f  r o c k  w i l l  s p a l l  o f f  g iv in g  ro c k  f a l l s ,
and th e  ang le  o f  th e  s lo p e  w i l l  b e g in  t o  reduce  ( F ig .  3) • I f
th e  fa c e  of th e  s lo p e  i s  u n d e rcu t  a t  th e  base  by, f o r  example,
f l u v i a l  o r  marine a c t i o n ,  th e n  th e  unsupported  ro c k  may e v e n tu a l ly
f a i l  by f r a c t u r i n g  ( F ig .  4) •
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(a) Verri cat slope in rock without •fractures (t>) W eathering o'f "face (c) Minor rock fa ll and nedacKon In .slopecmsje.
Fia. 3  Effect of wecrbherina on a Vertical slope in rock ^ tk o u t fractures.
(aW crtica l slope, in rock w .th ou t fractures (b) Undercutting a t  base. (O F ailure b 'y fracl'ure of irrtxict-rock.
F ia . 4* E ffect of erosion  on a vertical slope in rock w ith o u t  fractu res.
(a) St-able slope <o»th fracture. planes Qo) Unstable slope with fracture (c.) Potentially unstable slope
dippinj .n-h. ilope.. planes. dipping steeply d i p p i ^ ° f ^
towards fa c e  of .slope. f o o t c f  slope,
Fig.S .Effect of dip of fractures on stability. 
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I n  p r a c t i c e ,  however, a l l  ro ck s  n ea r  or a t  th e  s u r f a c e  o f  th e
i
E a r th  a re  f r a c t u r e d  m ain ly  as  a r e s u l t  o f: (a )  s t r e s s e s  a c t in g  
w i th i n  th e  Earth? (b) s t r e s s  r e l i e f  a s  th e  ro c k  mass becomes, 
exposed a t  th e  s u r fa c e  following- e ro s io n ?  and (c) w e a th e r in g .
As ro c k  has t h e r e f o r e  a l r e a d y  f a i l e d  by development o f  th e s e  
f r a c t u r e . p l a n e s  th e  s t r e n g t h  o f  th e  f r a c t u r e d  ro c k  en masse i s  
c o n s id e r a b ly  l e s s  th a n  i f  i t  were u n f r a c t u r e d .  Slope f a i l u r e  
may t h e r e f o r e  ta k e  p lace  by movement o f  masses o f  r o c k  a lo n g  
th e s e  f r a c t u r e  p la n e s .  Hence, th e  o r i e n t a t i o n  o f  th e s e  p la n e s  
w i th  r e s p e c t  t o  th e  s lo p e  i s  of major im p o rtan ce .  I f  a l l  th e  
f r a c t u r e  p la n es  a re  d ip p in g  i n t o  th e  s lo p e  th e n  assum ing no 
u n d e r c u t t in g  of  th e  s lo p e  o c c u rs ,  no major i n s t a b i l i t y  should  
dev e lo p ,  a l th o u g h  th e  s lo p e  an g le  w i l l  reduce  by w e a th e r in g  and 
minor r o c k  f a l l  ( F ig ,  5)*  *
Even s lo p e s  w i th  f a i l u r e  p la n es  d ip p in g  q u i t e  s t e e p l y  
tow ards th e  fa c e  o f  th e  s lope  may be s t a b l e  i n  th e  s h o r t - t e r m .  
Such s lo p e s ,  however, must be s u s c e p t i b l e  t o  a p ro g re s s iv e  
r e d u c t io n  in  s t a b i l i t y .  P o s s i b l e  causes  o f  t h i s  p ro g re s s iv e  
r e d u c t io n  a re  changes i n  th e  l e v e l  o f  th e  w a te r  t a b l e  w i th in  
th e  s lo p e  and w e a th e r in g  e f f e c t s  on th e  face  of th e  s lo p e .
The ro c k  mass form ing th e  s lo p e  w i l l  p o sse ss  a p rim ary  
f r a c t u r e  system  t h a t  has r e s u l t e d  from s t r e s s e s  o p e ra t iv e  w i th in  
th e  E a r th .  S t r e s s  r e l i e f  and w ea th e r in g  w i l l  te n d  to  develop  
much c l o s e r  f r a c t u r i n g  n ea r  th e  s u r f a c e ,  and a  secondary  f r a c t u r e  
system  w i l l  t h e r e f o r e  become superim posed on th e  prim ary  system . 
The mass of ro c k  im m edia te ly  behind  th e  fa c e  of th e  s lo p e  w i l l
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(0 Prim ary fractu re , system
(u) Secondary fracture. system Superimposed on primary system. 
Ficy G. (a). De.ve.lopmen't* of scconciar^ 'fracture' s^st'e-rn
uotter table level after very high rairfall 
w et season  w ottertablelevel 
dry season  water table, level
t
w ater table. level when fra c tu res  
rvear fa ce , blocked by ice.
F i^ .6 .(b). V a r ia tio n s  in voatec ta b le , lev e ls
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t h e r e f o r e  have a much h ig h e r  p e rm e a b i l i ty  th a n  th e  re m a in d e r .  A fte r  
e x c e p t io n a l ly  heavy r a i n f a l l  th e  w ate r  t a b l e  l e v e l  may l o c a l l y  r i s e  
i n  th e  v i c i n i t y  o f  th e  s lo p e  where th e  h ig h e r  p e r m e a b i l i ty  a l low s  
a  g r e a t e r  c o n c e n t r a t i o n  o f  ground w a te r  flow ( F ig ,  6) . I f ,  d u r in g  
th e  w in te r ,  w a te r  he ld  w i th in  t h i s  zone o f  in c re a s e d  p e rm e a b i l i ty  
f r e e z e s ,  th e  n a t u r a l  d ra in a g e  o f  th e  ground w a te r  i n  th e  s lo p e  may 
be p re v e n te d .  The r e s u l t  may be a b u i ld - u p  o f  w a te r  w i th in  th e  
s lo p e  which may e x e r t  a d d i t i o n a l  s t r e s s e s  on th e  f r a c t u r e  p la n es  < 
s u f f i c i e n t  t o  overcome t h e i r  s h e a r  s t r e n g t h  and cause f a i l u r e .
The c h a r a c t e r i s t i c s  of th e  f r a c t u r e  s u r f a c e s  may a l s o  be 
changed by ground w a te r  f lo w in g  a lo n g  th e  f r a c t u r e s  or by 
w e a th e r in g  p ro c e s s e s .  Ground w a te r  may remove f r a c t u r e  i n f i l l i n g s  
or l u b r i c a t e  f r a c t u r e s  i n f i l l e d  w i th ,  f o r  example, c l a y .  The 
r e s u l t  may be a r e d u c t io n  in  th e  s h e a r  s t r e n g t h  o f  th e  f r a c t u r e  
w i th  consequen t f a i l u r e  o f  th e  s lo p e .
The c o n t r o l  on s t a b i l i t y  e x e r te d  by f r a c t u r e s  t h e r e f o r e  
depends on t h e i r  o r i e n t a t i o n  w i th  r e s p e c t  t o  th e  s lope  and the  
n a tu re  o f  th e  s u r f a c e s .  F a i l u r e  may occur by movement a lo n g  ;a 
s i n g l e  f r a c t u r e  ( p l a n a r  f a i l u r e )  o r  by movement a lo n g  two i n t e r ­
s e c t i n g  f r a c t u r e s  (wedge f a i l u r e ) . Toppling  f a i l u r e s  may occur where 
s t e e p l y  d ip p in g  f r a c t u r e s  a re  p r e s e n t ,
5 .5  B a s ic  mechanics o f  f a i l u r e
The Coulomb-Mohr f a i l u r e  envelope i s  f r e q u e n t ly  used  f o r  th e
d e f i n i t i o n  of  th e  s h e a r  s t r e n g t h  c h a r a c t e r i s t i c s  o f  r o c k .  The
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tf a i l u r e  envelope i s  d e f in e d  by the  eq u a t io n :
*= c cr n  t a n  0  ( 3 - 1)
where T  -  s h e a r in g  r e s i s t a n c e  a lo n g  f a i l u r e  s u r f a c e ,
C 05 co h es io n ,
0  = an g le  o f  f r i c t i o n ,  and
o t o t a l  normal s t r e s s  a c t i n g  on f a i l u r e  s u r f a c e .
Rock s u b je c te d  t o  a sh e a r  s t r e s s  w i l l  deform i n  an  
ap p ro x im a te ly  e l a s t i c  manner u n t i l  a peak sh ea r  s t r e s s  i s  
a t t a i n e d .  S l id in g  th e n  occu rs  and i s  a s s o c ia t e d  w i th  a r e d u c t io n  
i n  th e  sh e a r  s t r e s s .  The peak s t r e n g t h  r e p r e s e n t s  th e  p o in t  of 
f a i l u r e  o f  th e  i n t a c t  ro c k ,  and once f a i l e d  th e  s h e a r  s t r e n g t h  
red u ce s  u n t i l  a r e l a t i v e l y  c o n s ta n t  v a lu e  i s  r e a c h e d .  This  i s  
th e  r e s i d u a l  s t r e n g t h  and r e p r e s e n t s  th e  sh ea r  s t r e n g t h  o f  th e  
p lane o f  f a i l u r e  ( F i g .  ?) • F° r  hard  ro c k s  such a s  b a s a l t  th e  
d i f f e r e n c e  betw een-peak  and r e s i d u a l  s t r e n g t h s  may be v e ry  g r e a t ,  
whereas f o r  s o f t  ro c k s  such as  sh a le  th e  d i f f e r e n c e  may be s l i g h t .
I f  the  f r a c t u r e s  w i th i n  th e  s lo p e  a re  d is c o n t in u o u s  o r  a re
in t e r l o c k i n g ,  f r a c t u r e  o f  th e  ro c k  w i l l  be n e c e s s a ry  b e fo re  movement
i s  p o s s ib le  and th e  s h e a r  s t r e n g t h  o f  such f r a c t u r e s  w i l l  be
c o n s id e ra b ly  g r e a t e r  th a n  i n  th e  case  o f  smooth c o n t in u o u s  f r a c t u r e s .
The roughness  o f  th e  f r a c t u r e s  i s  a l s o  o f  im p o rtan ce .  The ang le
o f  f r i c t i o n  o f  th e  f r a c t u r e ,  o f t e n  denoted b y j $ . ,  may need t o ’be
J  >
in c re a s e d  by aii amount 0 ^  co r re sp o n d in g  t o  th e  ro u g h n ess  o f  th e  
f r a c t u r e  ( F ig ,  8) .
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T  a e.. <¥ cr n  t a n  4 * 0 ±)
where, T" « s h e a r in g  r e s i s t a n c e  a long  f a i l u r e  s u r f a c e ,
c ,  *= co h es io n  o f  j o i n t  or f r a c t u r e  fo rm ing  f a i l u r e  s u r f a c e ,
f a i l u r e  s u r f a c e ,
» a d d i t i o n a l  component to  an g le  o f  f r i c t i o n  produced
by i r r e g u l a r i t i e s  on th e  f a i l u r e  s u r f a c e ,
0* s= t o t a l  normal s t r e s s  a c t i n g  on f a i l u r e  su rface*
Water along- a f r a c t u r e  w i l l  bend to  e x e r t  a p r e s s u r e ,  denoted
by u ,  t h a t  opposes th e  normal s t r e s s ,  a c t i n g  a c ro s s  th e  f a i l u r e
p la n e .  The sh e a r  s t r e n g t h  hence becomes:
Rock s lo p e  problems may o f t e n  be so lved  by a p p ly in g  b a s i c  
p r i n c i p l e s  of m echan ics.  L ike  some o th e r  a u th o r s ,  f o r  example 
M uir Wood (1971)» th e  p r e s e n t  a u th o r  c o n s id e r s  t h a t  f r e q u e n t ly  
s o l u t i o n s  in v o lv in g  b a s i c  mechanics a re  p r e f e r a b l e  to  more 
s o p h i s t i c a t e d  methods o f  s o l u t i o n  s in c e  th e  d a ta  a v a i l a b l e  i s  
u s u a l l y  i n s u f f i c i e n t l y  a c c u ra te  t o  w arran t  th o se  more p r e c i s e  
m ethods.
The mechanics in v o lv ed  in  a s im ple  p la n a r  s l i d i n g  f a i l u r e  
a re  shown in  F ig .  9* L im i t in g  e q u i l ib r iu m  occurs  when:
W s l n f i  = c i  + W c o s f i  t a n  ( 0 ,  + ( O  (3 .4 )
. where, W s i n f i  = d i s t u r b i n g  fo r c e  a c t i n g  down th e  p la n e ,
$  . *» an g le  o f  f r i c t i o n  o f  j o i n t  or f r a c t u r e  form ingc)
(3 .3 )
co h es io n  o f  f r a c t u r e  p lane
A = base  a re a  o f  s l i d i n g  mass,
W c o s f i  « normal f o r c e  a c t i n g  a c r o s s  th e  p la n e ,  and
(0 . + $ . )  » an g le  o f  f r i c t i o n  of  f r a c t u r e  p la n e .i) -I*
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The f a c t o r  o f  s a f e ty  f o r  such a c o n d i t io n  i s :
c . . A  + W cos & t a n  (0 . + f6 ■.)j  . j  i
S' -    -  (3 .5 )
W s in /3
A d d i t io n a l  f o r c e s  may r e s u l t  from w a te r  p re s s u re s  ( F ig .  10) . As 
a r e s u l t  of th e s e  f o r c e s  th e  e q u a t io n  f o r  l i m i t i n g  e q u i l ib r iu m  
becomes:
W s i n ^  + V = c . . A +  (w c o s ^  -  U) t a n  . + j#.) (3*6)J J
The a c c u r a te  a p p l i c a t i o n  of th e  above e q u a t io n s  depends on 
th e  d e te rm in a t io n  o f  r e a l i s t i c  v a lu e s  f o r  th e  sh ea r  s t r e n g t h  
pa ram e te rs  c a n d $ .  As i n  most ca se s  th e  sh e a r  s t r e n g t h  invo lved  
i s  t h a t  o f  th e  f r a c t u r e s  r a t h e r  th a n  th e  i n t a c t  ro c k ,  th e  r e s i d u a l  
sh e a r  s t r e n g t h  p a ram ete rs  a re  th o se  u s u a l ly  r e q u i r e d .  I n  th e s e  
c a s e s  c^ i s  no rm ally  z e ro  and only  r e q u i r e s  d e te rm in a t io n .  The 
d e n s i ty  of th e  ro c k  in v o lv ed  may be o b ta in ed  by l a b o r a to r y  t e s t i n g .  
The volume of th e  ro c k  mass invo lv ed  may be de term ined  i f  th e  
o r i e n t a t i o n s  o f  th e  p o t e n t i a l  f a i l u r e  p lan es  have been measured in  
th e  f i e l d .
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A. ENGINEERING GEOLOGY OF THE CHALK
4- .1 I n t r o d u c t i o n
D esp ite  th e  e x te n s iv e  occu rren ce  of c h a lk  in  England th e re
i s  l i t t l e  p u b lish e d  in fo rm a t io n  g iv in g  complete a c c o u n ts  and d a ta
o f  th e  e n g in e e r in g  geology o f  th e  C halk . For t h i s  r e a s o n  a
re a s o n a b ly  d e t a i l e d  accoun t i s  g iv e n  h e r e .  P u b l is h e d  d a ta  f o r
th e  Chalk has been c o l l e c t e d  and i s  summarised i n  Table I ,  The
p re s e n t  a u th o r  has a l s o  u n d e r ta k e n  a  number o f  t e s t s  on samples
o f  c h a lk  and th e  r e s u l t s  o f  th e s e  a r e  g iven  in  l a t e r  C h ap te rs .
The most d e t a i l e d  a cc o u n ts  and d i s c u s s io n s  appea r  i n  th e
P ro c e e d in g s  o f  th e  Symposium 1 Chalk i n  Earthw orks and F o u n d a tio n s ’
(1 9 6 6 ) .  I n  th e s e  P ro c e e d in g s ,  H igginbo ttom  d e sc r ib e d  th e
e n g in e e r in g  geology o f  c h a lk ,  Wakeling d e sc r ib e d  th e  c h a r a c t e r i s t i c s
o f  c h a lk  as  th e y  a f f e c t  f o u n d a t io n s ,  Lewis and Croney as  th e y  a f f e c t
ro ad  c o n s t r u c t io n ,  and Toms as  th e y  a f f e c t  e a r th w o rk s .
4 .2  D i s t r i b u t i o n
Chalk o u tc ro p s  e x t e n s i v e ly  over th e  South and E as t  of England
and t h e r e  a re  a l s o  s m a l le r  o u tc ro p s  i n  S co tlan d  and N o r th e rn  
I r e l a n d .  I n  England th e  o u tc ro p  ( in c l u d in g  t h a t  b e n e a th  su p e r ­
f i c i a l  d e p o s i t s )  cove rs  about o f  th e  s u r fa c e  a re a  (H igg inbo ttom , 
1966) ,  I n  E a s t  A nglia  th e  Chalk i s  e x t e n s i v e ly  covered (a b o u t  73^ 
o f  th e  outcrop) by g l a c i a l  d e p o s i t s ,  p a r t i c u l a r l y  b o u ld e r  c l a y .
I n  th e  South o f  England th e  Chalk may g r a d u a l ly  d ip  b en ea th  more 
e x te n s iv e  coverages  o f  Reading Beds or Thanet Sands, and, in  p la c e s ,  
i t  i s  o v e r la in  by t h i n  d e p o s i t s  o f  Clay w ith  F l i n t s ,
I n  so u th e rn  England th e  Chalk has  been a f f e c t e d  by e a r t h
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movements. The e f f e c t s  o f  th e se  e a r t h  movements t h a t  occurred  in  
th e  A lpine Orogeny produced a number of major b u t  sim ple f o ld s  such 
a s  th e  Wealden Dome and th e  Hampshire B a s in .  Only i n  South D o rse t ,  
th e  I s l e  of Wight and th e  H og 's  Back i n  S u rrey ,  i s  th e  Chalk more 
s e v e r e ly  fo ld e d  and f r a c t u r e d .
G e o lo g ic a l ly ,  th e  Chalk i s  d iv id e d  i n t o  th r e e  main d iv i s io n s ?  
Lower, M iddle and U p p e r . These d i v i s i o n s  a re  subd iv ided  by f o s s i l s  
i n t o  zo n es .  W ith in  th e  Chalk a number of d i s t i n c t  l i t h o l o g i e s  occur 
and th e s e  a r e  b e l ie v e d  t o  r e f l e c t  changes i n  th e  d ep th  o f  th e  sea  
a t  th e  time o f  d e p o s i t io n  ( s e e ,  f o r  example, W ells and K irk a ld y ,  
1966) .
At th e  base o f  th e  Lower Chalk i s  the  C h l o r i t i c  M arl,  a sandy 
g l a u c o n i t i c  m a r l .  I t  c o n ta in s  much d e t r i t a l  m a t e r i a l . a s ,  a t  t h a t  
t im e ,  a land  mass, was p ro b ab ly  s t i l l  su p p ly in g  la rg e  q u a n t i t i e s  o f  
sand and mud.- The p r o p o r t io n  o f  c la y  in  th e  Lower Chalk may re a c h  
5 0 o^ and tjhe p r o p e r t i e s  a re  more l i k e  those  o f  h e a v i ly  c o n s o l id a te d  
m a r l .  The upper p a r t  of th e  Lower Chalk i s  more massive a l th o u g h  
s t i l l  g rey  and m arly . I t  i s  sometimes r e f e r r e d  t o  as  th e  Grey 
C halk . I n  th e  C h i l t e r n s  and E as t  A nglia  th e  base  o f  th e  massive 
g rey  c h a lk  i s  ha rd  and i s  c a l l e d  th e  T o tte rn h o e  S to n e .  At th e  to p  
o f  th e  Lower Chalk a re  th e  p lenus  M arls  c o n s i s t i n g  o f  y e l lo w is h  
o r  g r e e n i s h  g rey  m arls  abou t 0 .5  -  1 . 0 m .  t h i c k .
The base  o f  th e  M iddle Chalk i s  marked by a n o d u la r  bed term ed
th e  M elbourn Rj>ck. I t  c o n s i s t s  o f abou t Jm. o f  hard  g rey  c h a lk  w i th
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n o d u le s .  These n o d u la r  beds o f  c h a lk  were p robab ly  formed d u r in g  
p e r io d s  o f  tem porary  s h a l lo w in g  o f  th e  s e a .  Most o f  th e  Chalk 
was p robab ly  d e p o s i te d  i n  sha llow  sea  about 180 m. deep . The 
M elbourn Hock and th e  o v e r ly in g  c h a lk  o f  th e  Inoceram us l a b i a t u s  
zone has a g r i t t y  t e x t u r e  caused by fragm en ts  o f  s h e l l .  The 
rem a in d er  o f  th e  M iddle Chalk i s  w h ite  and m ass ive ly  bedded; 
a l th o u g h  a t  th e  to p  f l i n t s  and seams o f  marl o ccu r .
L ik e  th e  M iddle Chalk, th e  base  o f  th e  Upper Chalk i s  n o d u la r  
and some m arl bands o c c u r .  The b a s a l  har<£ c h a lk  i s  c a l l e d ’ th e  
Chalk Hock. P a r t i c u l a r l y  i n  E as t  A ng lia  a n o th e r  bed of hard c h a lk ,  
th e  Top Hock, o ccu rs  some 10 m. above th e  Chalk Rock. The Upper 
Chalk mainly c o n s i s t s  o f  un ifo rm , s o f t ,  w h ite  c h a lk  w i th  f l i n t  a s  
n o d u la r  bands or t a b u l a r  l a y e r s .
C ons ide rab le  v a r i a t i o n s  i n  th e  th ic k n e s s  Of th e  Chalk o ccu r .
These a re  shown in  F igu re  11*
A.4 Composition
T The * |o f t  w h ite  c h a lk s  c o n s i s t  o f  m a te r i a l  o f  s i z e  0 .0005 -  0.1  mm. 
For most samples a s e p a r a t i o n  i s  p o s s ib le  i n t o  a c o a rse  f r a c t i o n  and 
a  f i n e  f r a c t i o n .  The co a rse  f r a c t i o n  (20-5Q& o f  th e  t o t a l )  i s  u s u a l l y  
o f  s i z e  0 . 0 1 -  0 .1  mm. ( c o a r s e  s i l t ) .  T h is  f r a c t i o n  c o n s i s t s  o f  
p ie c e s  of s h e l l  from c r e a t u r e s  such  a s  m o llu scs  and e c h in o id s ,  and 
com plete and f rag m e n ta ry  s k e le to n s  o f  f o r m i n i f e r a ,  The f in e  f r a c t i o n  
(70-8C^ o f  th e  t o t a l )  i s  o f  s i z e  0 .0005 -  0 ,004  mm. ( c l a y  and f i n e  
s i l t ) • This  f r a c t i o n  c o n s i s t s  of i n t a c t  and f rag m e n ta ry  s k e le to n s  
o f  c o c c o l i t h s  (B la ck ,  1953) *
65
V O U H O W3dc»f > >o u h o x n w H Dr » u  ore. W U 0 7P touii jag ^-»OQ»W V 3 r - \ c n
&
</)
3ui
E
1
%U|vD
z§O
aI
5
s *o  J  5 0 0
|1 | a: w o
ou-eco
Z
s
£¥
£5.H
5
>
i
/  i l l
i!I,
:!
n
i i
iraHi
jiiii
0 XP□
v£>cr
J3~o
u
: 2
“ 0c0
J2
<)
1
o
6I
1 r
S
0
- O
- Cfr
-TSC
0
3C
^5
J c
</iCo§
§><n
c
<a
coI
Ooj
d o
LL
64
Each c o c c o l i t h  c o n s i s t s  o f  a s in g le  c a l c i t e  c r y s t a l .  The 
o r i g i n a l  o rg a n ic  s t r u c t u r e s  a r e  n o rm ally  p rese rv ed  and no cem enting
a g e n ts  a re  p r e s e n t .  The s t r e n g t h  i s  p ro b ab ly  t h e r e f o r e  due t o  
m echan ica l i n t e r l o c k  o f  p a r t i c l e s  and p re s s u re  s o l u t i o n  a t  i n t e r -  
g r a n u la r  b o u n d a r ie s  (H igg inbo ttom , 1966) .
th e  Chalk M arl may r e a c h  $&/>. The o v e r ly in g  Grey Chalk has a c l a y  
c o n te n t  o f  10-2C^. An i n v e s t i g a t i o n  o f  m arl bands from th e  M iddle 
Chalk (ward e t  a l ,  19^9) has shown them t o  have a c a l c i t e  c o n te n t  
o f  50-8Q^ of d ry  w eigh t w i th  an  average  v a lu e  o f  70^* X -ray and
d . t . a .  a n a ly se s  showed th e  p resence  o f  q u a r t z ,  m o n tm o r i l lo n i te  and 
i l i i t e . The q u a r tz  and i l l i t e  c o n te n ts  d id  n o t exceed $/o and th e  
m o n tm o r i l lo n i te  c o n te n t  was found t o  be 10-3Q& by w eigh t w i th  an  
average  o f  17^* The m o n tm o r i l lo n i te  occu rred  in  t h i n  l a y e r s  in  
which c a l c i t e  i s  dom inant. These l a y e r s  were i n  an o v e ra l l ,  
s u c c e s s io n  w i th  c a l c i t e  dominant (a b o u t  97f°) *'
For Upper Chalk samples from th e  South Downs, Sparks (1949) 
g iv e s  th e  fo l lo w in g  d e te rm in a t io n s  o f  in s o lu b le  r e s i d u e .
As has been  s t a t e d  i n  S e c t io n  4*3* th e  p ro p o r t io n  o f  c la y  i n
Zone I n s o lu b le  r e s id u e  ( a s  /o 
o f  d ry  w eight o f  chalk)
Hagenowia beds
U in t a c r i n u s
O f f a s t e r  n i l u l a
M a rs u p i ta s  t e s t u d i n a r i u s
Actinocamax q u ad ra tu s 1.40
1.90
4.10
3.33
1.53
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These r e s u l t s  i n d i c a t e  t h a t  th e r e  i s  some v a r i a t i o n  of c l a y  co n te n t  
even in  th e  t y p i c a l  w h ite  c h a lk .  Sparks has used th e se  d i f f e r e n c e s  
t o  e x p la in  th e  to p o g ra p h ic a l  changes t h a t  occur i n  th e  South Downs. 
H u tch in son  ( 1 969) g iv e s  an  in s o lu b le  r e s id u e  o f  2.3f'c> f o r  a sample 
o f  a i r  d ry  M iddle Chalk from n e a r  F o lk es to n e  Warren.
The range  o f  v a lu e s  p u b l ish e d  f o r  th e  d ry  d e n s i t y  o f  th e  Lower
and Upper Chalk a re  s i g n i f i c a n t l y  lo w er .  The range  o f  v a lu e s  f o r
Meigh and E a r ly  (1957 )•  However, a h ig h e r  v a lu e  would be expec ted  
f o r  t h i s  bed a s  i t  i s  one o f  th e  hard  bands o f  c h a lk .  V alues o f
d e n s i t y .  The g r e a t e r  d e n s i t y  o f  th e  Lower Chalk i s  p robab ly  th e  
r e s u l t  o f  aj g r e a t e r  p r e - c o n s o l i d a t i o n  load  and th e  h ig h e r  c la y  
c o n te n t  g iv in g  in c re a s e d  com pression  o f  th e  o r i g i n a l  sed im en t.
4-.5.2 M o is tu re  co n te n t
Meigh and E a r ly  (1957) quote a v a lu e  o f  11 *j/o f o r  Lower Chalk
from Merstham, S u rrey ,  and H u tch in so n  ( 1 969) g iv e s  a v a lu e  o f  12 .0/o
f o r  a  sample o b ta in ed  from th e  Chalk M arl a t  F o lk e s to n e .  P u b l is h e d
m o is tu re  c o n te n t  v a lu e s  f o r  th e  M iddle Chalk show a ran g e  o f  6 .6  -
34.*$  w i th  a c o n c e n t r a t i o n  betw een 2j/o and 26$>. For th e  Upper Chalk
ie s  of c h a lk
Chalk i s  1602 -  2243 kg/m^. V alues o f  dry  d e n s i ty  of th e  M iddle
th e  M iddle Chalk i s  1375-1762 kg/rn^, and t h a t  f o r  th e  Upper Chalk 
1264 -  1808 kg/rn^. An e x c e p t io n  to  th e s e  ra n g e s  i s  a v a lu e  of
1922.4  kg/m^ f o r  th e  d ry  d e n s i t y  o f  th e  Melbourn Rock quoted by
b u lk  d e n s i t y  a re  t y p i c a l l y  400 -  500 kg /n?  more th a n  th o s e  o f  d ry
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th e  range  o f  v a lu e s  i s  3*2 -  40^ w ith  a c o n c e n t r a t io n  between 29$ and 
32^* These f i g u r e s  i n d i c a t e  t h a t  g e n e r a l ly  th e  m o is tu re  c o n te n t  o f  
th e  Chalk in c r e a s e s  v e r t i c a l l y .  However, th e re  a re  g r e a t  v a r i a t i o n s  
t h a t  presumably r e f l e c t  such f a c t o r s  a s  th e  s t a t e  of f r a c t u r i n g ,  
g roundw ater l e v e l s ,  and th e  amount o f  i n f i l t r a t i o n .
4 . 5 .3  P o r o s i t y  and v o id s  r a t i o
H igg inbo ttom  (1966) g iv e s  a normal range  o f  21 -  3Q^ and an
extrem e range  o f  17 -  4 ^  th e  p o r o s i t y  of th e  Lower Chalk.
Duncan (19&9) g iv e s  v a lu e s  o f  8 .1^  f o r  a  sample o f  Lower Chalk,
19*5^ f o r  M elbourn Rock and 47*3^ f o r  Upper Chalk . For M iddle 
Chalk and Upper Chalk ta k e n  to g e th e r  H igg inbo ttom  q u o te s  a normal 
range  o f  4 1 - 5 ^  and an extreme range  o f  34-55'=* These d e te rm in a t io n s  
i n d i c a t e  t h a t ,  as  w i th  n a t u r a l  m o is tu re  c o n te n t ,  v a lu e s  in c re a s e  
upwards th ro u g h  the  s u c c e s s io n .  The v o id s  r a t i o  a l s o  e x h i b i t s  t h i s  
in c r e a s e  ( s e e  Table I )  These in c r e a s e s  i n  n a t u r a l  m o is tu re  c o n te n t ,  
p o r o s i t y  and v o id s  r a t i o  c o in c id e  w i th  d e c re a se s  i n  d e n s i ty  tipwards 
th ro u g h  th e  s u c c e s s io n .  The changes presumably r e f l e c t  the  d ec re ase d  
c l a y  con ten tj  and more open t e x tu r e  o f  th e  c h a lk s  h ig h e r  i n  th e
i
s u c c e s s io n .  »
4 . 5 .4  S a tu r a t i o n  m oistu re  c o n te n t
h ig g in b o t to m  ( 1966} g iv e s  th e  extrem e range  f o r  s a t u r a t i o n
m o is tu re  c o n te n t  o f  Lower Chalk a s  8~29fo, a l th o u g h  Duncan (1 9 69) 
quo te s  a v a lue  o f  3*28$ f o r  one sam ple . For M iddle and Upper 
Chalk H igg inbo ttom  q u o te s  an  extreme ran g e  o f  19-41/= However, 
most d e te rm in a t io n s ,  Lewis and Croney ( 1966) ,  P a rso n s  ( 1 967) and 
Duncan ( 1 969) ,  appea r  t o  be w i th in  th e  range  21-2
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Lewis and Croney have c l a s s i f i e d  c h a lk  on' th e  b a s i s  o f  s a t u r a t i o n  
m o is tu re  c o n te n t .  They d e f in e  s o f t  c h a lk  w i th  a s a t u r a t i o n  m o is tu re  
c o n te n t  o f  between 20 and 30 $ ,  medium c h a lk s  w i th  between 15 and 20 $  *
and h ard  ch a lk s  w i th  below 15 $ .  They found t h a t  an ap p ro x im a te ly  
l i n e a r  r e l a t i o n s h i p  e x i s t s  between th e  amount of f r o s t  heave and 
th e  s a t u r a t i o n  m o is tu re  c o n t e n t .
4-.5.5 P e r m e a b i l i ty
H igg inbo ttom  (1966) n o te s  t h a t  th e  p e rm e a b i l i ty  o f  c h a lk  a s
de term ined  in  th e  l a b o r a to r y  i s  about 10"*® m /sec . D esp ite  th e  h ig h
p o r o s i t y  of c h a lk ,  th e  p e rm e a b i l i ty  i s  r e l a t i v e l y  low p robab ly
because  of th e  sm a l l  s i z e  o f  th e  pore sp a c e s .  However, th e  in  s i t u
p e rm e a b i l i ty  or t r a n s m i s s i b i l i t y  i s  sugges ted  by H igg inbo ttom  to  be 
2 4about 10 -  10^ g r e a t e r .  T h is  i s  th e  r e s u l t  o f  g r a d u a l  b u t  c o n t in u a l
seepage from th e  c h a lk  i n t o  th e  f i s s u r e s .
Grange and M uir Wood (1970) g iv e  v a lu e s  o f  in  s i t u  p e r m e a b i l i ty  
f o r  th e  Lower Chalk as  fo l lo w s :  G la u c o n i t ic  M arl and Chalk M arl
Grey Chalk 10**  ^ -  10“ ^ m/sec? and w hite  c h a lk
up th e  s u c c e s s io n .
4 .5 .6  P l a s t i c i t y
For a  sample p ro b ab ly  from th e  T e r e b r a tu l i n a  l a t a  zone o f  th e
M iddle Chalk, H u tch in so n  ( 1969) g iv e s  v a lu e s  a s  fo l lo w s ;  l i q u i d
l i m i t  2 9 $ ;  p l a s t i c  l i m i t  2 3 $ ;  p l a s t i c i t y  index  6 $ .  Ward e t  a l
gave th e  fo l lo w in g  v a lu e s  f o r  a sample from the  Twin M arls  ( T e r e b r a tu l i n a  
l a t a  zone) a t  Mundford, N o rfo lk :  l i q u i d  l im it '  5^*^ p l a s t i c '  l i m i t
m /sec .  The p e r m e a b i l i ty  o f  th e  Chalk t h e r e f o r e  in c r e a s e s
A sample from th e  M ic r a s te r
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corangulnum zone o f  th e  Upper Chalk a t  J o s s  Bay, Kent gave v a lu e s  
of: l i q u i d  l i m i t  31 p l a s t i c  l i m i t  23 </o* and p l a s t i c i t y
index  8 c/o (H u tch in so n ,  1972).
4 .6  M echanica l c h a r a c t e r i s t i c s  o f  c h a lk
4 .6 .1  U nconfined  com pressive  s t r e n g t h
Ho p u b lish e d  work has been found t h a t  documents th e  r e s u l t s  
o f  unconfined  com pressive  s t r e n g t h  t e s t s  on samples o f  chalk#
4 . 6 .2  Shear s t r e n g t h  p a ram ete rs  of i n t a c t  ch a lk
B rained  t r i a x i a l  com pression  t e s t s  on samples o f  M iddle Chalk
from M undford, Norfolk , gave c as  6 .9 6  kN/m2 and ft a s  25. .8° .  (Ward
e t  a l ,  1969) .  Lake and Simons (1970) o b ta in ed  th e  fo l lo w in g  v a lu e s
1from d ra in e d  t r i a x i a l  t e s t s  on samples o f  Upper Chalk: c range
0-235 kN/m2 , average  35-50 kN/m2 j and 0  range  25- 46° ,  average 
33*5-38.5°« The v a lu e s  o b ta in e d  were found t o  depend p a r t l y  on 
th e  type  of samples used  i n  th e  t e s t s .  I n  c o n c lu s io n  Lake and 
Simons s t a t e  t h a t  'No c o r r e l a t i o n  has been found between th e  • 
r e s u l t s  ofj e i t h e r  d ra in e d  or undra ined  t r i a x i a l  com pression  t e s t s  
and fN' v a lu e ,  and th e s e  l a b o r a to r y  t e s t s  do no t appear t o  .give 
a  r e l i a b l e  i n d i c a t i o n  o f  th e  s t r e n g t h  o f  th e  c h a lk  in  s i t u " .
Wakeling ( 1966) o b ta in ed  v a lu e s  of c = 0  and $  « 39° u s in g
c h a lk  samples from Newbury. Meigh and E a r ly  (1957) r e p o r t  v a lu e s  
o f  c = 897 kN/m2 and = 21° on c h a lk  from Coulsdon, S u rrey .  
T e s t s  on ch a lk  from v a r io u s  l o c a l i t i e s  c a r r i e d  out by Kee and 
Clapham (1971) gave c v a lu e s  o f  0-207 kN/m2 and /  v a lu e s  bf 
26-43° w i th  an^average  o f  39°*_ V alues of c would seem t o
n o rm ally  be i n  th e  range  o f  0-200 kN/m2 and /  about 39°*
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R e s u lts  o f u n d ra in e d  t r i a x i a l  com pression  t e s t s  show a la rg e
2v a r i a t i o n .  Some examples o f  c v a lu e s  o b ta in ed  a re :  65 and 70 kN/m 
(Simm, 1966); 55-223 kN/m2 (B roadhead, 1966); 124-331 &j/ni2 (Lake
and Simons, 1970); 576 kN/m (Lewis and Croney, 1966) ;  1518 and
p2070 M /m  (Meigh and E a r ly ,  1957)* V alues o f  jZT a l s o  v a ry  g r e a t l y ,  
f o r  example: 10° (Y/akeling, 1966)5 12° and 16° (Meigh and E a r ly ,  
1957)? 0 -22°  (B roadhead , 1966) ;  37° (Lewis and Groney, 1966) ;
34° and 0 -40°  (Simm, 1966) . The h ig h e r  0  v a lu e s  a r e  n o t  n e c e s s a r i l y  
a s s o c i a t e d  w i th  h ig h  c^’ v a lu es*  The v a lu e s  s u g g e s t . t h a t  e i t h e r  th e  
t e s t s  them se lves  a re  .somewhat u n r e l i a b l e  or t h a t  th e  v a r i a t i o n  o f  
v a lu e s  f o r  c h a lk  i s  ex tre m e ly  l a r g e .  The v a lu e s  o b ta in ed  from 
t r i a x i a l  t e s t s  do no t ap p ea r  t o  be a s u i t a b l e  means o f  c l a s s i f y i n g  
c h a lk  or of comparing c h a lk  from d i f f e r e n t  l o c a l i t i e s .
4 . 6 .3  Shear s t r e n g t h  -parameters of f r a c t u r e d  ch a lk
H u tch in so n  (1972) has o b ta in e d  peak v a lu e s  o f  c = 1 3 1  kN/m2 
0and p  = 4 2  on- s u r f a c e s  o f  c h a lk  from J o s s  Bay t e s t e d  in  a  s h e a r
'T 1 j ' obox . He a l s o  o b ta in e d  r e s i d u a l  v a lu e s -  c = 0  and 0 = 30 •1 7 r  r
H u tch in so n  ( 1969) g iv e s  v a lu e s  o f  /  o f  20° and 23° on c u t -p la n e  
t e s t s  on Lower Chalk from F o lk es to n e  Warren. The v a lu e s  of 0  on 
th e s e  c u t -p la n e  t e s t s  a re  s i g n i f i c a n t l y  lower th a n  th o se  o b ta in ed  
from th e  t r i a x i a l  t e s t s ,  . . . .
4 .7  I n  s i t u  c o n d i t io n  o f  c h a lk  
A±Z*1 I n t r o d u c t i o n
E s p e c i a l l y  n e a r  th e  s u r f a c e  th e  c o n d i t io n  o f  c h a lk  v a r i e s  
c o n s id e r a b ly .  I t  i s  u s u a l l y  much more f r a c t u r e d  th a n  a t  d ep th  and 
may be t r a v e r s e d .b y  swallow h o le s  and ’ p ip e s ’ . More s e v e re ly
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f r a c t u r e d  ch a lk  t h a t  may have been a f f e c t e d  by f r o s t  heave or 
s o l i f l u c t i o n  a l s o  o c c u rs .
4*7*2 N ear  su r fa c e  f r a c t u r e d  c h a lk
The la y e r s  o f  c h a lk  n ea r  th e  s u r f a c e  a re  u s u a l l y  v e ry  f r a c t u r e d ;  
th e  f r a c t u r e s  o f te n  b e in g  open. These open f r a c t u r e s  a re  th o u g h t t o
be due t o  f r o s t  s h a t t e r i n g ,  e s p e c i a l l y  d u r in g  g l a c i a l  t im e s ,  s o lu t i o n ,
d is tu rb a n c e  by r o o t s  and g r a v i t y .  Sometimes th e  f r a c t u r e s  a re  v e ry
open. H igg inbo ttom  (1966) d e s c r ib e s  f r a c t u r e s  p a r a l l e l  t o  th e
eont.ouns t h a t  were en co u n te red  d u r in g  c o n s t r u c t i o n  o f  th e  Medway
B r id g e .  These were p robab ly  opened by g r a v i t a t i o n a l  movements and ■
were up t o  £0 mm. wide and a t  i n t e r v a l s  o f  about 0 .5  m.
4 .7 .5  S o l i f l u c t i o n  ch a lk  and head
S easona l  thaw ing  o f  c h a lk  d u r in g  th e  P le i s t o c e n e  I c e  Age
r e s u l t i n g  in  slow d o w n h ill  movement o f  w a te r - lo g g e d  c h a lk  d e b r i s  i s
b e l ie v e d  to  be th e  cause o f  th e  s o l i f l u c t i o n  c h a lk s ,  o f t e n  c a l l e d
coombe d e p o s i t s .  These d e p o s i t s  occur i n  v a l l e y  bo ttom s, a t  th e
f o o t  o f  s t e e p  s lo p e s  and as  lo b a te  d e p o s i t s  in  d ry  v a l l e y s  or below
s c a rp  s lo p e s .  The d e p o s i t s  u s u a l ly  c o n s i s t  o f  p o o r ly  s o r te d
a c c u m u la t io l s  o f  a n g u la r  c h a lk  and f l i n t  d e b r i s .  Some d e p o s i t s  a re
bedded i n d i c a t i n g  r e d i s t r i b u t i o n  o f  o r i g i n a l  d e b r i s  and d e p o s i t io n
by f lo w in g  w a te r .
I n  some p la c e s  a d e p o s i t  may o ccu r ,  which, a l th o u g h  s im i l a r  
t o  s o l i f l u c t i o n  c h a lk ,  has been formed in  s i t u .  T h is  c h a lk  i s  
i n t e n s e l y  f r o s t  s h a t t e r e d  and d i s t u r b e d .  The c h a lk  fragm ents  a re  
o f t e n  a n g u la r ,  v a ry  i n  s i z e ,  and a re  d e p o s i te d  i n  a p a s ty  m a tr ix .
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F l i n t  bands and bedd ing  p la n es  co n tin u e  th ro u g h  t h i s  ch a lk  a l th o u g h  
th e y  may be d i s tu r b e d .  T his  type  o f  c h a lk  i s  a form o f  head s in c e  
i t  has n o t  formed a s  a r e s u l t  o f  t r a n s p o r t a t i o n .
4#7.4- Recofi-nition o f  g ra d e s  o f  c h a lk
V arious a t te m p ts  have been  made to  r e c o g n is e  a s e r i e s  o f  g rad es
o f  c h a lk  a c c o rd in g  t o  th e  degree  o f  f r a c t u r i n g  a n d /o r  h a rd n ess  o f  th e
c h a lk .  Dixon ( s e e  P a lm er ,  1966) has su g g es ted  th e  fo l lo w in g
c l a s s i f i c a t i o n  r e l a t e d  to  ’N1 v a l u e s .
Grade N v a lu e D e s c r ip t i o n
Weak c h a lk  ( i n c l u d in g  0 - 2 0  P i e c e s  o f  hard  c h a lk  25 -  50 mm,
f r o s t  s h a t t e r e d  and 
s o l i f l u c t e d  chalk)
Medium hard  c h a lk
H ard c h a lk
in  d ia m e te r  in  a m a tr ix  o f  
p u t t y - l i k e  c h a lk  w i th  a s o f t  t o  
f i rm  c la y  c o n s is te n cy *
20 -  40 S im i la r  t o  .weak c h a lk  b u t  w i th  
150 -  500 mm. p ie c e s  o f  hard  
c h a lk ,  M a tr ix  f i rm  t o  s t i f f .
over 40 Chalk t h a t  broke only  w i th
d i f f i c u l t y  between f i n g e r  and 
thumb or r e q u i r e d  a hammer t o  
b re a k  i t .
A more.- |detailed g ra d in g  o f  ch a lk  a t  Mundford, N o r fo lk  was made by 
Ward e t  a l  ( 1 969) •  ^be c l a s s i f i c a t i o n  i s  a f u n c t io n  o f  t h r e e  f a c t o r s  
t h a t  were re c o g n ise d  a s  in f lu e n c in g  s t i f f n e s s  o f  th e  ch a lk  v i z .  h a rd n e s s ,  
s p a c in g  and o r i e n t a t i o n  o f  j o i n t s  and t i g h t n e s s  o f  j o i n t s .  The 
c l a s s i f i c a t i o n  adop ted  was t h a t  g iv e n  o v e r l e a f .
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Grade Name D e s c r ip tio n
V S t r u c t u r e l e s s  
melange
Unweathered and p a r t i a l l y  w eathered  
a n g u la r  ch a lk  b lo ck s  and fragm en ts  
s e t  i n  a m a tr ix  o f  deep ly  w eathered  
remoulded c h a lk .  Bedding and j o i n t s  
a b s e n t .
IV F r i a b l e  t o  ru b b ly  
c h a lk
Unweathered or p a r t i a l l y  w eathered  
. c h a lk  w i th  bedding  and j o i n t i n g .  
J o i n t s  and sm all  f r a c t u r e s  c lo s e ly  
spaced  ra n g in g  from 10 ram. a p a r t  
t o  abou t 60 mm. a p a r t .  J o i n t s  
commonly open up to  200-mm. and 
i n f i l l e d  w i th  w eathered  d e b r i s  and 
sm all  unweathered ch a lk  f rag m e n ts .
I I I  Rubbly t o  b loeky  
c h a lk
Unweathered medium t o  hard ch a lk  
w i th  j o i n t s  60 mm. t o  200 mm. a p a r t  
J o i n t s  open up t o  3 mm., sometimes 
w i th  secondary  s t a i n i n g  and 
f rag m en ta ry  i n f i l l i n g s .
I I  Medium hard  c h a lk  J o i n t s  more th a n  §00 mm. a p a r t .  When 
w i th  w id e ly  spaced dug out f o r  exam ina t ion  purposes  t h i s  
j o i n t s  m a te r i a l  does n o t  p u l l  a’vay a long
j o i n t  s u r f a c e s  bu t f r a c t u r e s  i r r e g u l a r l y .  
Most o f  th e  T. l a t a  and H. p lanus  zones 
where unw eathered and f r a c t u r e d  
were p laced  w i th in  t h i s  grade  a t  Mundford,
Hard, b r i t t l e  
ch a lk  w i th  w id e ly  
spaced , c lo se d  
j o i n t s
D e t a i l s  as  f o r  g rade I I ,  b u t  th e  c h a lk  
i s  h a r d e r .  Rock beds such  as  th e  Chalk 
Rock, Top Rock, and o th e r  p a r t i a l l y  
r e c r y s t a l l i s e d  beds ,  and to u g h e r  s h e l l -  
r i c h  beds where secondary  i r o n  
cem en ta tio n  has hardened th e  m a te r i a l ,  
were p laced  w i th in  t h i s  g ra d e .
Grades IV and V were found t o  r e s u l t  l a r g e l y  from w e a th e r in g  and t o  
be independen t o f  l i t h o l o g y .  However, g rad es  I  and I I  a r e  unw eathered 
and t h e i r  s e p a r a t io n  r e f l e c t s  l i t h o l o g i c a l  d i f f e r e n c e s .
Wakeling (1970) su g g e s ts  t h a t  some c o r r e l a t i o n  e x i s t s  between th e
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1N* v a lu e  o b ta in ed  in  th e  s ta n d a rd  p e n e t r a t i o n  t e s t  and th e  g rade  o f  
c h a lk .  He a l s o  g iv e s  in  h i s  c l a s s i f i c a t i o n  an a d d i t i o n a l  g rade to  
cover  s o l i f l u c t i o n  c h a lk .  The re m a in in g  g ra d e s  a re  th e  same as  th o s e  
adop ted  by Ward,
Grade B r i e f  d e s c r i p t i o n  lNt Value
VI Extrem ely  s o f t  s t r u c t u r e l e s s  c h a lk  below 8
c o n ta in in g  sm a l l  lumps o f  i n t a c t  
c h a lk
S t r u c t u r e l e s s  remoulded c h a lk  8 - 1 5
c o n ta in in g  lumps of- i n t a c t  c h a lk
IV Rubbly, p a r t l y  w eathered  c h a lk  w i th  15 -  20
bedd ing  and j o i n t i n g .  J o i n t s  10 -  
60 mm. a p a r t ,  open t o  20 mm, and 
o f t e n  i n f i l l e d  w i th  s o f t  remoulded 
c h a lk  and f ragm en ts
I I I  Rubbly t o  b lo c k y  unw eathered c h a lk .  20 -  25
J o i n t s  60 ~ 200 mm. a p a r t ,  open to  
3 mm. and sometimes i n f i l l e d  w i th  
f ragm en ts
I I  B locky  medium-hard c h a lk .  J o i n t s  25 -  35
more th a n  200 mm. a p a r t  and c lo s e d .
As f o r  g rade  I I  b u t  h a rd  and b r i t t l e  over 35
Fookes and H o rs w i l l  (1970) have drawn a t t e n t i o n  to  th e  dangers  
o f  u s in g  a  g ra d in g  c l a s s i f i c a t i o n  f o r  comparing s t r a t a  a t  d i f f e r e n t  
l o c a l i t i e s .  For example, th e  d i s c o n t i n u i t i e s  p r e s e n t  a t  a p a r t i c u l a r  
l o c a l i t y  w i l l  depend no t on ly  on w e a th e r in g  b u t  a l s o  on th e  l o c a l  
t e c t o n i c  h i s t o r y .
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4 . 7 .5  I n  s i t u  t e s t s  on c h a lk
The s ta n d a rd  p e n e t r a t i o n  t e s t  ( S .P .T . )  and p l a t e - b e a r i n g  t e s t
have been  used f r e q u e n t ly  to  de term ine  th e  c o n d i t io n  o f  c h a lk  i n  s i t u .  
These t e s t s  a re  no t c o n s id e re d  by th e  p r e s e n t  a u th o r  t o  be p a r t i c u l a r l y  
r e l e v a n t  t o  th e  i n v e s t i g a t i o n  o f  ro c k  s lo p e  s t a b i l i t y ,  and th e y  have 
been  m ainly  used t o  de te rm ine  th e  s t r e n g t h  en  masse o f  th e  ch a lk  f o r  
f o u n d a t io n s .
A number o f  problems a s s o c ia t e d  w ith  th e  s ta n d a rd  p e n e t r a t i o n  
t e s t  a r e  known to  e x i s t .  H igg inbo ttom  ( 1966) has su g g es ted  t h a t  th e  
b o r in g  t o o l s  used  in  th e  t e s t  may s o f t e n  th e  c h a lk  s u f f i c i e n t l y  d u r in g  
d r iv i n g  t o  produce r e s u l t s  t h a t  a re  no t t y p i c a l  o f  th e  a c t u a l  i n  s i t u  
c h a lk .  W akeling (1970) a l s o  su g g e s ts  t h a t  u n r e p r e s e n t a t iv e  v a lu e s  may be 
o b ta in e d  due t o  b o re h o le  d i s tu r b a n c e ,  and t h a t  in  s i t u  v i s u a l  exam in a t io n  
shou ld  be used w herever p o s s i b l e .
Lake and Simons (1970) have shown an approx im ate  c o r r e l a t i o n  
between S .P .T .  v a lu e  and d e fo rm a tio n  modulus, a l th o u g h  b e t t e r  r e s u l t s  
Y/ere obtainejd u s in g  sm all  s c a le  p l a t e  lo a d in g  t e s t s .  No c o r r e l a t i o n  
was found t o  e x i s t  between th e  S .P .T .  v a lu e s  and th e  r e s u l t s  o f  
d ra in e d  or und ra ined  t r i a x i a l  com pression  t e s t s .  As mentioned i n  . . 
S e c t io n  4 . 6 .2 ,  Lake and Simons su g g es t  t h a t  th e  l a b o r a to r y  t e s t s  do 
n o t  g iv e  a  r e l i a b l e  i n d i c a t i o n  o f  th e  s t r e n g t h  o f  i n  s i t u  c h a lk .
4 . 7 . 6  Swallow h o le s  and p ip e s
Swallow h o le s  occur where s o l u t i o n  has caused f r a c t u r e s  t o  open
s u f f i c i e n t l y  t o  a l low  th e  in f low  o f  l a rg e  amounts o f  s u r f a c e  ru n  o f f .  
Most swallow h o le s  have a cone-shaped  p r o f i l e  t a p e r in g  downwards. They 
may be 50 m» in  J lep th .
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The swallow holes f r e q u e n t ly  become i n f i l l e d  w i th  sand, c la y  and 
f l i n t  g r a v e l  from d e p o s i t s  o v e r ly in g  th e  c h a lk  which have c o l la p s e d  
in t o  them. The i n f i l l e d  swallow h o le s  a re  termed p ip e s .
The d i s t r i b u t i o n  o f  swallow h o le s  and p ip e s  i s  c l o s e l y  r e l a t e d  t o  
th e  ju n c t io n  between th e  Chalk and th e  o v e r ly in g  T e r t i a r y  s t r a t a  
(H igg inbo ttom , 1966),  The T e r t i a r y  s t r a t a  a re  u s u a l l y  l e s s  permeable 
th a n  th e  Chalk and a l low  g r e a t e r  s u r f a c e  ru n  o f f  which th e n  te n d s  t o  
p e r c o la te  underground on r e a c h in g  th e  Chalk o u tc ro p .  Away from th e  
C h a lk -T e r t i a ry  j u n c t io n  swallow h o le s  and p ip e s  a re  no rm ally  a b se n t  
because  e ro s io n  has presum ably removed them. The ju n c t io n  between 
th e  Chalk and th e  o v e r ly in g  T e r t i a r y  beds i s  f r e q u e n t ly  v e ry  uneven 
due t o  s o l u t i o n .
4 . 7 .7  Groundwater
I n e s o n  (1962) has su g g es ted  t h a t  w a te r  p e r c o l a t e s  th ro u g h  th e
more permeable s u r f a c e  l a y e r  o f  c h a lk  and i s  th e n  absorbed  in t o  th e  
f r a c t u r e  system and a l s o  s lo w ly  in t o  th e  pores  o f  th e  c h a lk .  At 
d ep th  th e  w a te r  becomes c o n c e n t ra te d  i n  s p e c i f i c  open f r a c t u r e s  
e s p e c i a l l y  i n  th e  zone o f  s e a s o n a l  w a te r  t a b l e .
Areas of h ig h  t r a n s m i s s i b i l i t y  co rrespond  w i th  r i v e r  v a l l e y s  and 
d ry  v a l l e y s  and a n t i c l i n a l  f o l d s .  Areas o f  low t r a n s m i s s i b i l i t y  
co rresp o n d  w ith  s y n c l i n a l  f o l d s .  • Water flow i s  o f t e n  c o n c e n tra te d  
i n  th e  h a rd e r  bands o f  c h a lk  such as  th e  Melbourn Rock. Where th e s e  
h a rd e r  bands o u tc ro p  th e y  f r e q u e n t ly  g ive  r i s e  t o  s p r in g s  ( s e e  f o r  
example Fordham, 1965) .  F a u l t s  te n d  t o  p rev en t g roundw ater movement 
because  a t  d ep th  th e y  may c o n ta in  c ru shed  c h a lk  o f  low p e rm e ab il i ty , .
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The Lower C h a lk  has few w a te r -b e a r in g  f r a c t u r e s  and th e  h ig h e r  
c l a y  c o n te n t  o f  t h i s  c h a lk  may p rev en t  the  f r a c t u r e s  rem a in ing  open.
I n  a d d i t i o n  th e  Lower C ha lk  has tended  t o  be always below th e  
r e g i o n a l  w a te r  t a b l e  and groundw ater c i r c u l a t i o n  has been l i m i t e d .
The maximum e l e v a t i o n  o f  the  w a te r  t a b l e  i s  u s u a l l y  i n  F e b ru a ry  
or March and th e  minimum e l e v a t i o n  i n  September or O c to b e r ,  a l th o u g h  
v a r i a t i o n s  do occur (S m ith ,  1972) • L a rg e r  v a r i a t i o n s  o f  th e  s e a s o n a l  
w a te r  t a b le  occur on h ig h  ground and s lo p e s  th a n  i n  th e  v a l l e y  b o tto m s .
4 »7«8 E f f e c t s  of ic e
As mentioned i n  S e c t io n  4*7*3 'the s o l i f l u c t i o n  and head ty p e s  o f
c h a lk  a re  b e l ie v e d  t o  have been formed by f re e z e - th a w  a c t i o n ,  r e s u l t i n g  
m ain ly  from th e  P l e i s t o c e n e  I c e  A ge. C halk  has a l s o  been  found t o  be 
s u s c e p t i b l e  t o  th e  e f f e c t s  of f r e e z i n g  under p re s e n t  c l im a t i c  
c o n d i t io n s  i n  B r i t a i n .
H igginbo ttom  ( 1966) d e s c r ib e s  th e  l i k e l y  mechanism. W ater  h e ld  
i n  th e  p o res  rem ains  f l u i d  because  c a p i l l a r y  f o r c e s  te n d  to  d e p re s s  
i t s  freez ijng  p o i n t .  S u c t i o n  occu rs  and th e  super coo led  pore w a te r  
moves by c a p i l l a r i t y  tow ards  the  c rac k s  and j o i n t s  where rfc f r e e z e s .  
I c e  le n s e s  a re  th e n  form ed, u s u a l l y  a long  bedding  p la n e s ,  w i th  
r e s u l t i n g  heave of th e  s u r f a c e .
As m entioned i n  S e c t i o n  4*5*4 Lewis and Croney ( 1966) have shown 
a  l i n e a r  r e l a t i o n s h i p  betw een f r o s t  heave and s a t u r a t i o n  m o is tu re  
c o n t e n t .  The in c re a s e  in  h e ig h t  o f  t h e i r  specim ens a f t e r  s u b je c t io n  
t o  th e  f r o s t  heave t e s t  v a r i e d  from about 20 °/o f o r  hard  c h a lk  t o  abou t 
130 i<> f o r  s o f t  . c h a lk .
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E reeze-thaw  a c t i o n  i s  g e n e r a l ly  c o n s id e re d  t o  be r e s p o n s ib le  
f o r  much of th e  s p a l l i n g  o f  exposed f a c e s  of c h a lk .  There i s  
some ev idence  from e x p e r im e n ta l  work t o  su p p o r t  t h i s  ( s e e ,  f o r  
exam ple, Carson and K irk b y ,  1972)•
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5 , CHARACTERISTICS OF CHALK SLOPES
5.1 I n t r o d u c t i o n
Slopes  developed  i n  ch a lk  were examined in  some d e t a i l  i n  an 
a t te m p t  t o  d e f in e  th o s e  f a c t o r s  t h a t  a f f e c t  t h e i r  d e g ra d a t io n  and 
e v e n tu a l  s t a b i l i t y .  Three main c a t e g o r i e s  o f  s lo p e s  were r e c o g n ise d :
(a )  n a t u r a l  in la n d  s lo p e s :  (b) n a t u r a l  c o a s t a l  s lo p e s ,  u s u a l l y
s u b je c t  to  a c t i v e  e ro s io n :  and (c )  a r t i f i c i a l l y  ex cav a ted  s lo p e s ,
N a t u r a l  in la n d  s lo p e s  were i n v e s t i g a t e d  p r im a r i ly  w i th  th e  aim o f  
e s t a b l i s h i n g  th e  n a t u r a l  s t a b l e  s lo p e  a n g le s  f o r  c h a lk .  The 
n a t u r a l  c o a s t a l  s lo p e s  u n dergo ing  a c t i v e  e ro s io n  were examined t o  
d e te rm in e  any f a i l u r e  mechanisms o p e r a t iv e  w i th in  s t e e p  s lo p e s .  
A r t i f i c i a l l y  ex cava ted  s lo p e s  e . g .  q u a r ry  f a c e s  and c u t t i n g s ,  were 
a l s o  i n v e s t i g a t e d  to  d e te rm ine  th e  e x i s t e n c e  o f  any f a i l u r e  mechanisms 
a c t i n g  w i th in  th e se  s lo p e s ,  and a d d i t i o n a l l y ,  t o  r e c o g n i s e  s e p a ra te  
f a c t o r s  t h a t  may a f f e c t  such a r t i f i c i a l  s l o p e s .  H aving  i d e n t i f i e d  
th e  main f a c t o r s  t h a t  a f f e c t  s t a b i l i t y  o f  th e se  ch a lk  s lo p e s ,  ty p e s  
o f  mass movements in v o lv ed  could  be r e c o g n i s e d .  The l o c a l i t i e s  s tu d ie d  
d u r in g  f ie l c j  work by th e  a u th o r  a re  shown in  F ig ,  12,"
5 .2  N a tu r a l  in la n d  s lo p esM < h j  i  ■m il  ■. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m u  ■—  m i m — n .  .■ r n m m i ^ i n i  f —
N a tu r a l  in la n d  s lo p e s  were examined to  d e te rm ine  th e  ty p e s  o f  
s lo p e s  and s lo p e  a n g le s  t h a t  a r e  ach iev ed  a f t e r  long  p e r io d s  o f  
d e g r a d a t io n .  The methods adop ted  f o r  t h i s  s tu d y  were: measurement 
o f  s lo p e  a n g le s  from Ordnance Survey maps: f i e l d  ex am in a t io n  o f
s lo p e s ;  and th e  exam ina t ion  o f  o b liq u e  and v e r t i c a l  a e r i a l  
p h o to g rap h s .
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5*2.1 Measurement o f  s lo p e  a n g le s  from Ordnance Surve.v maps '
Slope measurements have been made from Ordnance Survey 1 i 65,360 
Maps o f  th e  Noi'th  Downs and South Downs* The method used was measurement 
o f  th e  h o r i z o n t a l  d i s t a n c e  between two s e l e c t e d  c o n to u rs  f o r  th e  
s t e e p e r  s e c t i o n s  o f  s c a rp  s lo p e s ,  and o f  th e  co n tou r  d i f f e r e n c e  in  t h a t  
d i s t a n c e .  These measurements p e rm i t te d  c a l c u l a t i o n  o f  th e  average  
a n g le  o f  s lope* These c a l c u l a t i o n s . a r e  open t o  p o s s ib le  e r r o r  because  
o f  l i m i t a t i o n s  imposed by th e  s c a le  o f  th e  maps u sed .  For an 11° s lo p e  
• the  l a r g e s t  p o s s ib le  e r r o r  i s  to  r e c o rd  a minimum s lo p e  ang le  o f  9° 
o r  a maximum s lope  an g le  o f  14°* With s t e e p e r  s lo p e s  th e  p o s s ib le  
e r r o r  i s  g r e a t e r .  For a 21° s lo p e  th e  l a r g e s t  p o s s ib le  e r r o r  i s . t o  
r e c o rd  a  minimum s lo p e  an g le  o f  16° o r  a maximum s lo p e  an g le  o f  29° .  
However, such  la rg e  e r r o r s  a re  on ly  l i k e l y  i n  a l im i t e d  number o f  
cases*  The method was used t o  g ive  an  in d i c a t i o n  o f  th e  s lo p e  a n g le s  
ac h ie v e d  by s t e e p  n a t u r a l  s lo p e s  i n  c h a lk .
S lopes  were measured a t  0 .8  km. i n t e r v a l s  a lo n g  th e  N o r th  Downs 
s c a rp  on O.S. S h e e t  170 and a t  s i m i l a r  i n t e r v a l s  a lo n g  th e  South  Downs 
s c a rp  on O.S|. S h e e t  183. The r e s u l t s  f o r  th e  N o rth  Downs ( F i g .  13)'
i
show c o n c e n t r a t io n s  of s t e e p  s lo p e s  a t  8°, 15° and 16° .  Two*slopes 
o f  25° were r e c o r d e d .  R e s u l t s  f o r  th e  SouthDowns ( F ig .  14) i n d i c a t e  
c o n c e n t r a t io n s  o f  s lo p e  a n g le s  a t  14° and 25 ° .  Three s lo p e s  o f  29° 
were r e c o rd e d .  Slope a n g le s  measured f o r  th e  South Downs a r e  
s i g n i f i c a n t l y  g r e a t e r  th a n  th o se  f o r  th e  N o r th  Downs. The r e s u l t s  
i n d i c a t e  t h a t  n a t u r a l  in la n d  c h a lk  s lo p e s  f r e q u e n t ly  r e a c h  13-29°*
To i n v e s t i g a t e  th e  d i s t r i b u t i o n  o f  c h a lk  s lo p e s  over a l a rg e  a re a  
a  s lo p e  ang le  mqjp was c o n s t ru c te d  o.f N o r th  Hampshire ( F i g s .  13 and 16)
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The method o f  c o n s t r u c t io n  adopted  was t h a t  d e s c r ib e d  by O i l i e r  and 
Thomasson ( 1957) * The s lo p s  an g le  map shows t h a t  s lo p e s  s t e e p e r  th a n  
9° do n o t o f te n  o ccu r .  The s t e e p e r  s lo p e s  ( i . e .  i n  ex ce ss  o f  14°) 
a r e  c o n c e n t ra te d  in  th e  n o r th ,  e a s t  and so u th  o f  th e  map a r e a .  These 
s t e e p  s lo p e s  g e n e r a l ly  c o in c id e  w ith  th e  main c h a lk  s c a r p s .  I n s p e c t i o n  
o f  th e  G e o lo g ica l  Survey 1 : 63,360 Maps i n d i c a t e s  t h a t  th e s e  s c a rp s  
a r e  r e l a t e d  t o  eroded a n t i c l i n a l  f o l d s .  The e r o s io n  o f  th e se  a n t i ­
c l i n a l  f o ld s  presum ably le a d s  t o  s c a rp  r e t r e a t  a lo n g  th e  lim bs o f  th e  
f o l d s  ( F i g .  17)* The s t e e p  s lo p e s  i n  th e  e a s t  o f  th e  map a re a  a re  
a lo n g  th e  w este i 'n  s id e  o f  th e  Wealden Dome, I n  th e  s o u th - e a s t  th e  
s t e e p  s lo p e s  a re  r e l a t e d  t o  th e  Warnford A n t i c l in e  and th e  Meon 
V a l le y  A n t i c l i n e .  A nother a re a  w i th  s t e e p  s lo p e s  i n  th e  so u th  
c o in c id e s  w ith  th e  W inches ter  A n t i c l i n e .  An e a s t - w e s t  l i n e  o f  s t e e p  
s lo p e s  o ccu rs  n e a r  th e  n o r th e r n  margin o f  th e  map a r e a .  These s lo p e s  
a re  r e l a t e d  t o  th e  K in g s c le r e  A n t i c l in e  and th e  Ham A n t i c l i n e .
I n  a l l  th e se  in s t a n c e s  e ro s io n  has  been s u f f i c i e n t  t o  expose 
th e  M iddle  and Lower Chalk i n  a d d i t i o n  t o  the  Upper Chalk . The s t e e p  
p a r t s  o f  th e s e  s lo p e s  a re  formed m ainly  o f  M iddle Chalk. S teep  s lo p e s  
a r e  sometime's developed  i n  U pper Chalk, b u t  on ly  r a r e l y  i n  Lower 
Chalk , S teep  s lo p e s  a r e  ach iev ed  in  Lower Chalk on ly  where i t  forms 
th e  low er p a r t  o f  a s lo p e  m ain ly  formed by M iddle Chalk e . g .  n e a r  
Hawkley (SU 7329) .  The u s u a l  r e l a t i o n s h i p  between s t e e p  ang led  s lo p e s  
and inward f a c in g  s c a rp s  formed a lo n g  a n t i c l i n a l  axes  may be m o d if ie d .  
Wooldridge and L in to n  (1955) comment t h a t  th e  Lower Chalk o u tc ro p  i n  
th e  Ham-Woodhay i n l i e r  forms a bench  r a t h e r  th a n  a s c a rp -w a l le d  i n l i e r .  
They e x p la in  t h i s  m o d i f ic a t io n  by marine p la n a t io n  in  th e  P l io c e n e ,
G -ault C l a y
(o) E ro sio n  a t  c res t o f  an tic line..
Erosion breaches c r e s t  o f  a n t i c l i n e
Uort-eroi r e t r e a t  
aiaq>I fr o m  axis,
Grault C la y
(ti) Erosion of S carp s on  e a c h  Umb o f fold .
F i c ^ H .S c a r p  R e.iT C A t
The r e l a t i o n s h i p  between s t e e p  s lope  a n g le s  and th e  a n t i c l i n a l  axes  
s u g g e s ts  t h a t  th e  s t e e p  s lo p e s  r e s u l t  n o t  on ly  from th e  r e l a t i v e  
r e s i s t a n c e  to  e r o s io n  o f  Lower, M iddle and Upper Chalk and u n d e r ly in g  
s t r a t a ,  b u t  a l s o  from th e  d en u d a tio n  chronology o f  the  a r e a .
t
S tee p  s lo p e  a n g le s  o f  14-22° occur in  th e  n o r th -w e s t  o f  th e  map
a r e a ,  some 3 km. t o  th e  so u th  o f  th e  main s c a rp  f a c e .  These s t e e p
s lo p e s  i n  th e  upper p a r t  o f  th e  Bourne V a l l e y  a re  a l ig n e d  and 
c o in c id e  w i th  th e  t r e n d  o f  th e  a x i s  o f  th e  Heydon H i l l  A n t i c l i n e .
S lopes  w i th  a n g le s  o f  9 -  14° a r e  l a r g e l y  con fined  to :  th e
g e n t l e r  p a r t s  o f  th e  s c a rp  s lo p e s  d e s c r ib e d  above? th e  upper
p o r t i o n s  o f  d ry  v a l l e y s  cu t  i n  th e  d ip - s lo p e s ;  and, i n  a few in s t a n c e s ,  
th e  s id e  s lo p e s  o f  r i v e r  v a l l e y s .  Where th e s e  s t e e p e r  s lo p e s  e x i s t  a lo n g  
th e  r i v e r  v a l l e y s  th e y  presum ably i n d i c a t e  t h a t  a c t iv e  l a t e r a l  e ro s io n  
by th e s e  r i v e r s  has ceased  on ly  i n  r e l a t i v e l y  r e c e n t  g e o lo g ic a l  h i s t o r y .
Low ang led  s lo p e s  ( l e s s  th a n  9°) occur over much o f  th e  a r e a  o f  th e  
map. S lope ja n g le s  o f  l e s s  th a n  3° b ro a d ly  c o in c id e  w i th  th e  a n t i c l i n a l  
axes  developed in  th e  c e n t r e  o f  th e  map a re a  e . g .  th e  F a r l e i g h  W allop 
A n t i c l i n e .  The r e l a t i o n s h i p  between s t r u c t u r e  and topography  i s  t h a t  
o f t e n  d e s c r ib e d  a s  'u n in v e r t e d  r e l i e f 1 . Wooldridge and L ih to n  (1955) 
have no ted  t h a t  i n  t h i s  r e g io n  th e  a n t i c l i n a l  axes a re  marked by low 
s w e l l in g  r i d g e s  and th e  s y n c l i n a l  t r a c t s  by minor l o n g i t u d i n a l  v a l l e y s
e . g .  th e  v a l l e y s  o f  th e  M iche ldever  Stream and th e  upper I t c h e n .
5 .2 .2  F ie ld  exam in a t io n  o f  s lo p e s
A la rg e  number o f  n a t u r a l  in la n d  s lo p e s  i n  ch a lk  have been  observed
87
i n  th e  f i e l d .  These o b s e rv a t io n s  in d i c a te d  t h a t  only e x c e p t io n a l ly  
does th e  s lo p e  ang le  exceed 30°* More d e t a i l e d  i n v e s t i g a t i o n s  were 
made i n  an a re a  where th e  s lo p e  a n g le s  exceed t h i s  v a lu e .
F ie ld  measurement o f  s lo p e  a n g le s  was u n d e r ta k en  a t  D unstab le  
Downs where th e  s c a rp  o f  th e  C h i l t e r n  H i l l s  i s  c h a r a c t e r i s e d  by s t e e p  
s lo p e s .  The f i e l d  measurements were made u s in g  an Abney L e v e l . .
S lopes  on th e  s t e e p e r  p a r t s  o f  th e  s c a rp  a t  t h i s  l o c a l i t y  v a r ie d  
from 26° to  30° . A coombe a t  Five K n o l ls  (TL 0020) showed th e  
fo l lo w in g  v a r i a t i o n :  n o r th  s id e  ( s o u th  fa c in g )  26°; c e n t r e  27° :
and so u th  s id e  (w es t  f a c in g )  30° .
A prom inent c u t t i n g  i n  th e  Chalk occurs  below Whipsnade Zoo on 
th e  B454O ro ad  (SP 9918) .  The s t e e p  s lo p e  i s  p robab ly  a com bination  
o f  th e  n a t u r a l  s c a rp  and s te e p e n in g  produced by c o n s t r u c t io n  o f  th e  
r o a d .  The c u t t i n g  i s  some 17 m. h ig h  and has a s lo p e  ang le  o f  3 2° .  
Lower down th e  s c a rp  th e  s lo p e  s te e p e n s  t o  38° i n  a 10 m. h igh  
c u t t i n g .  The s lo p e  e x h i b i t s  t e r r a c e t t e s  and sm all  hummocky s l i p s  
o c c u r .  T he |e  show poor ex p o su res  o f  pebbly  c h a lk  in  a sandy ch a lk  
m a t r ix .  T h is  s t e e p  s lo p e  o f  38° would appear  to  be on ly  j u s t  s t a b l e .  
However, th e  t e r r a c e t t e s  may in d i c a t e  t h a t  th e  s lope  i s  s t a b i l i s i n g  
n a t u r a l l y  and n o t t h a t  i t  i s  p o t e n t i a l l y  u n s t a b l e .  The lo ^ e r  p a r t  o f  
th e  s c a r p  s lo p e  i s  a t  an ang le  o f  17°*
At Pegsdon th e  d ry  v a l l e y  i n  which one o f  th e  t r i a l  p i t s  was 
lo c a te d  ( s e e  S e c t io n  6 .2 .2 )  has s id e  s lo p e s  o f  2 5 -35° .  Some p a r t s  o f  
th e  s t e e p e r  e a s t  f a c i n g  s lo p e  e x h i b i t  t e r r a c e t t e s  w ith  lo o se  pebbly  
c h a lk  exposed b e n e a th  tu s s o c k s  o f  g r a s s .  N e v e r th e le s s  th e  s lo p e  i s
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v /e ll  v e g e ta te d  w ith  g r a s s ,  sh rubs  and sm all  t r e e s  and no s ig n s  o f  
major i n s t a b i l i t y  a r e  p r e s e n t . The t r i a l  p i t  excava ted  on one s id e  
o f  th e  v a l l e y  proved t h a t  a p p a r e n t ly  i n  s i t u  ch a lk  was p re s e n t  a t  
a d e p th  o f  only  0 .6  ra. The v a l l e y  s id e s  a re  o f  c h a lk  w i th  only  a 
t h i n  c o v e r in g  o f  loam. The s lo p e s  a re  o f  th e  form shown in  F ig .  17, 
and have presumably been 1 c a rv e d 1 by e r o s io n .  T his  i s  i n  c o n t r a s t  
t o  th e  methods o f  d e g ra d a t io n  observed  by th e  a u th o r  f o r  many 
n a t u r a l  and a r t i f i c i a l  s lo p e s  which have a f r e e  fa c e  o f  i n  s i t u  
c h a lk  exposed . Where a c t iv e  e r o s io n  has ceased  th e s e  s lo p e s  
accum ula te  e x te n s iv e  s c r e e s  a t  t h e i r  f o o t .  The s c re e  e v e n tu a l ly  
e x te n d s  upward to  h ide  th e  f r e e  f a c e .  ( F i g .  1 8 ) .
5 .2 .5  Exam ination  o f  o b l iq u e  and v e r t i c a l  a e r i a l  pho tographs
O blique  and v e r t i c a l  a e r i a l  pho tographs have been  examined f o r
s u r f a c e  i n d i c a t i o n  o f  i n s t a b i l i t y .  The a r e a s  i n v e s t i g a t e d  were 
m ain ly  in  the  South  Downs and i n  K e n t .  T e r r a c e t t e s  were found to  
be a common f e a t u r e  o f  th e  s t e e p e r  s c a rp  s lo p e s .  No o th e r  s ig n s  o f  
i n s t a b i l i t y  a f f e c t i n g  in la n d  s lo p e s  were o bse rved .  T ens ion  c rac k s  
were n o ted  beh ind  h igh  c o a s t a l  c h a lk  c l i f f s  a t  a number o f  l o c a l i t i e s ,
5 .5  N a tu r a l  ^ c o a s ta l  s lo p e s
N a tu r a l  c o a s t a l  s lo p e s  examined in c lu d e d  th o se  u n dergo ing  a c t i v e  
e r o s io n  by th e  sea ,  and a l s o  th o se  t h a t  a re  no lo n g e r  b e in g  a c t i v e l y  
e roded  or  a re  p r o te c te d  by se a -d e fe n c e  w orks. These c l i f f s  and s te e p  
s lo p e s  were i n v e s t i g a t e d  w ith  th e  aim o f  e s t a b l i s h i n g  how th e se  s lo p e s  
a re  a f f e c t e d  by e r o s io n ,  and how th e y  co n t in u e  t o  degrade when a c t i v e  
e r o s io n  c e a s e s .
A -
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Slope. -formed •for example, fl^viol 
QC+ion
A
Vertical slope, 
■formed V>^ ,foc example, marine €rocion
F ia . IS. Var lotions in slope- degradation.
S c r e e  a n d  
wjos+e <nan*le
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s t a l  s lo p e s  undergo ing  a c t i v e  e r o s io n
Many k i lo m e t re s  o f  c o a s t a l  c h a lk  c l i f f s  have been examined by th e  
a u t h o r .  T h e i r  ex am in a t io n  was c o n s id e re d  t o  be e s s e n t i a l  s in c e  th e se  
c l i f f s  a l low  the  f a i l u r e  mechanisms a c t i v e l y  o p e r a t in g  w i th in  s t e e p  
c h a lk  s lo p e s  t o  be c l e a r l y  s tu d i e d .  The c o a s t a l  s e c t i o n s  s tu d ie d  by 
th e  a u th o r  have in c lu d e d  th e  Thanet c o a s t ,  S t .  M a rg a re t ’ s Bay, 
Shakespeare  C l i f f ,  E a s tb o u rn e -B r ig h to n ,  I s l e  o f  Wight, and th e  B eer  
a r e a  ( F i g .  12) .
Where a c t iv e  e r o s io n  i s  i n  p ro g re s s  c l i f f s  c u t  i n  th e  c h a lk  a re
o f t e n  in c l in e d  a t  90° t o  th e  h o r i z o n t a l  and a r e  sometimes s l i g h t l y  
o v e rhang ing .  These v e r t i c a l  c l i f f s  occur f r e q u e n t ly  i n  th e  a r e a s
s tu d ie d  e . g .  White N ess n e a r  M arga te ,  E a s t  C l i f f  n e a r  Bamsgate,
Beachy Head, F r i a r ’ s Bay n e a r  Newhaven, Telscombe C l i f f s  and
F resh w a te r  Bay ( i s l e  o f  Wight) • The an g le  a t  which th e  c l i f f s  a re
i n c l i n e d ,  i s ,  however, f r e q u e n t ly  reduced  from th e  v e r t i c a l  t o  some
l e s s e r  a n g le .  A number o f  methods by which th e  r e d u c t io n  i n  an g le  i s
ach iev ed  have been  o b se rv ed .  These are.:
1 .  P la n a r  f a i l u r e s  A . T r a n s l a t i o n a l  s l i d i n g
B, B lo ck  s l i d i n g
C. I n v e r t e d  b lo c k  rem oval
D. T e n s io n -sh e a r
E . F r a c tu r e  c o n t r o l l e d  ro c k  f a l l
F .  I r r e g u l a r  ro c k  f a l l
2 .  Wedge f a i l u r e G-. Wedge s l i d i n g
H . I n v e r t e d  wedge rem oval
3# Compilex f a i l u r e s I .  Complex s l i d i n g  
J .  C i r c u l a r  s l i p
K. Mudflow
5 , M isc e l la n e o u s  f a i l u r e s  L, Swallow h o le  c o n t r o l l e d
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These d i f f e r e n t  ty p e s  o f  f a i l u r e  a re  shown d ia g r a m a t ic a l ly  i n  P ig ,  19.
1 . P l a n a r  f a i l u r e s
The most u s u a l  way f o r  th e  c l i f f  ang le  t o  be reduced  i s  by 
f a i l u r e  o f  p a r t  o f  th e  c l i f f  by movement a long  a s i n g l e  f a i l u r e  
p la n e .  The f a i l u r e  p lane  i s  u s u a l l y  a prominent j o i n t  p lane 
i n c l i n e d  a t  a s t e e p  a n g le ,  t y p i c a l l y  65- 85° ,  tow ards th e  c o a s t .
The s t r i k e  o f  th e  j o i n t  p lane  i s  u s u a l l y  p a r a l l e l  or n e a r ly  
p a r a l l e l  w ith  the  t r e n d  o f  th e  c o a s t .  Examples o f  th e s e  f a i l u r e s  
s u r f a c e s  and p o t e n t i a l  f a i l u r e  s u r f a c e s  a r e  g iv e n  in  Table  I I .
Many o f  th e s e  p la n a r  f a i l u r e s  have been  observed  t o  have 
o ccu rred  a long  p la n e s  t h a t  a r e  c o in c id e n t  in  o r i e n t a t i o n  w ith  a 
dominant f r a c t u r e  s e t .  I n  srich c a se s  f a i l u r e  has t h e r e f o r e  
p resu m ab ly .ta k e n  p la c e  a lo n g  a p r e - e x i s t i n g  p lane o f  weakness 
w i th i n  th e  ro c k  mass. That movement i s  o f t e n  a lo n g  p r e - e x i s t i n g  
p la n e s  i s  a l s o  su g g e s te d  by th e  occu rrence  o f  f r a c t u r e  p la n e s  
w i th  o v e r ly in g  masses o f  ro c k  t h a t  ap p ea r  u n s t a b l e .  I n  such 
ca se s  th e se  f r a c t u r e  p la n e s  a re  th e  p o t e n t i a l  f a i l u r e  p la n e s .
At W h i t e c l i J f  Bay and Alum Bay i n  th e  I s l e  o f  Wight f a i l u r e  p la n es  
a r e  developed  a lo n g  bedd ing  p la n e s .  At th e se  l o c a l i t i e s  the  d ip  
o f  th e  bedding i s  s u f f i c i e n t l y  s t e e p  (60-75°^) f o r  th e s e  p la n es  
t o  be p o t e n t i a l  f a i l u r e  s u r f a c e s .  At th e  o th e r  l o c a l i t i e s  l i s t e d  
i n  Table I I  the  d ip  o f  th e  bedd ing  i s  0 -1 0 ° ,  i n s u f f i c i e n t l y  s te e p  
f o r  them t o  a c t  a s  p o t e n t i a l  f a i l u r e  s u r f a c e s .
The d i s t i n c t i o n  betw een f a i l u r e s  o c c u r r in g  a lo n g  j o i n t s ,  f a u l t s  
and bedd ing  p la n es  and p la n e s  o f  u n con fo rm ity  i s  c o n s id e re d  to  be
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I .  PLANAR FAILURES
A . T r a n s la t io n a l  S lid ing
B* B look Slidinc
(i) Backward lim iting frac**ur«us »ac\ine4 iry*iarcis fro m  ^ace-
fil) Backward limiting fracture inclined vertically
!k
(iii) Backward UmVHng fractures inclined towards, -face.
Rcy \c\ , Types of failure-
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C .Inverted klocK rfcmova\
D. Tension-$War
tension crack
\
EL. Fracture, controlled rock^ aU
-tension crack
U
F . Xrrea^uUr rock^aU
weathered "face
h-j-
[t| I
Fig. IS (continued) T yp es o f fqi\ura
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2. WEDGE FAILURES
Qt. W e d q e  sltdirv
H. I n v e r t e d  w ed g e  removal
Wedge. c^ ra dually removed
S. COMPLEX FAILURES
I .  CompWx stidirvg
-faUur*. m a ia  L o ^ n d c 4  S s  ■fca<*u<,aa - f a i lu r e ,  m a s s  m o v e s  f a c o a r c iOrtd ft*.
Fig. m  (corYtfnuecf). Types of -failure.
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4*. SUPERFICIAL FAILURES
X  Circular &ltp
Loose. chalK *.
Sti? y /  plar»c.
Bedded chalK
*De.bri&
K .  M u d f l o w
Lcx^ sccKoJk  ^ carried,
V \ _  u jcrter
F ia . I^ co n t inucd). T ^pes of fqilure.
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im p o r ta n t .  For example, bedd ing  p la n e s  have been observed  to  be u s u a l l y  
b e t t e r  developed as  s e p a r a t io n  p la n e s ,  more c o n s ta n t  i n  o r i e n t a t i o n ,  
and more e x te n s iv e  th a n  s e t s  o f  j o i n t  p la n e s .  F a u l t  p la n es  a l th o u g h  
n o t  f r e q u e n t ly  developed w i th i n  th e  Chalk have a l s o  been  observed to  
have p e c u l i a r  c h a r a c t e r i s t i c s  e . g .  th e y  o f t e n  c o n ta in  i n f i l l i n g s  o f  
brown c l a y .  The im portance o f  r e c o g n i s in g  d i f f e r e n t  f r a c t u r e  s u r f a c e s  
i s  d is c u s s e d  in  Chapter 9*
Where th e  p la n e s  a re  i n c l i n e d  a t  a n g le s  o f  up t o  80-85° t o  th e  
c o a s t ,  f a i l u r e  ap p ea rs  t o  ta k e  p la ce  m ain ly  by s l i d i n g  o f  an  u n s ta b le  
mass o f  ro c k  a lo n g  a s t a b l e  mass b e n e a th .  Where th e  p la n e s  a re  
i n c l i n e d  a t  or n ea r  th e  v e r t i c a l  ( a  d ip  o f  80-90° t o  th e  co as t)  
f a i l u r e  ap p ea rs  to  occur n o t  by s l i d i n g  b u t  by to p p l in g  o f  a 
v e r t i c a l  columnar mass o f  r o c k  r e s u l t i n g  i n  a l a r g e - s c a l e  ro c k  
f a l l .  Two main ty p e s  o f  p la n a r  f a i l u r e  may th e re fo re -  be re c o g n ise d  
depending  on th e  predominance o f  s l i d i n g  or o f  t e n s i o n ,
Au T r a n s l a t i onal s l i d i n g
A lthough a d i s t i n c t i o n  may be made between s l i d i n g  and t e n s i o n a l  
modes o f  plsfnar f a i l u r e ,  a c t u a l  f a i l u r e s  observed  in  th e  f i e l d  ap p ea r  
somewhat more complex. P l a n a r  f a i l u r e s  in v o lv in g  s l i d i n g  have been 
found t o  show some marked d i f f e r e n t i a t i n g  f e a t u r e s .  A few f a i l u r e s  
have been observed t h a t  ap p ea r  to  have ta k e n  p la ce  by movement o f  an  
e n t i r e  mass o f  u n s ta b le  rock ' upon s t a b l e  ro ck  below* th e  movement 
hav ing  occu rred  a lo n g  a j o i n t  p la n e .  A f te r  movement th e  c l i f f  p r o f i l e  
c o rre sp o n d s  t o  t h a t  o f  th e  f a i l u r e  p la n e .  Evidence f o r  such  com plete 
t r a n s l a t i o n a l  f a i l u r e s  w ith  a s i n g l e  p robab ly  r a p id  movement i s  th e
* -' \
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l a r g e  masses o f  f r e s h  c h a lk  o c c u r r in g  a t  th e  base  o f  th e  c l i f f  invo lved  
Examples o f  t h i s  type  o f  s l i d i n g  f a i l u r e  have been  observed  in  Thanet 
and th e  I s l e  o f  Wight.
I n  th e  c l i f f s  t o  th e  so u th  o f  Dumpton Gap, T hane t,  a f a i l u r e  had 
o ccu rred  a lo n g  a j o i n t  p lane w i th  a d ip  o f  65°^.. The s t r i k e  o f  th e  
f a i l u r e  p lane  w asN 4 0 Cfe: t h a t  o f  th e  c o a s t  b e in g  N . At Alum Bay,
I s l e  o f  Wight, a s im i l a r  b u t  l a r g e r  f a i l u r e  had occu rred  a lo n g  a p lane
w i th  a  d ip  o f  '65°N* and a s t r i k e  o f  N62°E, The s t r i k e  o f  th e  c o a s t  a t
t h a t  l o c a l i t y  i s  H70^3. The o r i e n t a t i o n  o f  th e  f a i l u r e  p lane  was th e
same as t h a t  o f  th e  b edd ing ,  and presumably c o in c id e d  w i th  a bedd ing  
p la n e .  At W h i t e c l i f f  Bay, I s l e  o f  Wight, a s u r f a c e  a lo n g  which a 
s i m i l a r  f a i l u r e  may have o ccu rred  i n  th e  p a s t  few y e a r s  was n o te d .
The p o s s ib le  f a i l u r e  p lane  had a d ip  o f  65% . and a s t r i k e  o f  N76HV. , 
and c o in c id ed  w i th  a bedd ing  p la n e .  A t t h i s  l o c a l i t y  the  c l i f f  
s e c t i o n  i s  a l ig n e d  N55C\V.
B. B lo ck  s l i d i n g
O f more f r e q u e n t  o ccu rrence  a r e  p la n es  a lo n g  which s l i d i n g  i s  
o c c u r r in g  i r r e g u l a r l y . The ro c k  o v e r ly in g  th e  f a i l u r e  p lane does 
no t s l i d e  r a p i d l y  *en masse’ b u t  moves a s  a s e r i e s  o f  d i s c r e t e  b lo c k s  
o ver  a  p e r io d  o f  t im e .  I n i t i a l l y  b lo c k s  o f  ro c k  a t  th e  base  o f  th e  
mass o v e r ly in g  th e  p o t e n t i a l  f a i l u r e  p lane  a re  removed. I n  th e  
c o a s t a l  s e c t i o n s  t h i s  removal i s  e f f e c t e d  m ainly by p ro c e s se s  such 
a s  wave a c t i o n ,  s o l u t i o n ,  w ea th e r in g  and g r a v i t y .  B lo ck s  a re  th e n
*
p r o g r e s s iv e ly  removed le a v in g  th e  u n s ta b le  ro c k  mass l e s s  w e l l  
s u p p o r ted  and a l a r g e r  s l i d i n g  f a i l u r e  may th e n  occur or th e  b lo c k
rem oval p ro cess  c o n t in u e s  u n t i l  a l l  th e  u n s ta b le  ro c k  i s  removed*
The s i z e  of the  b lo c k s  in v o lv ed  in  each  s ta g e  o f  f a i l u r e  has been
found t o  depend l a r g e l y  on th e  f req u en cy  o f  f r a c t u r i n g  w i th in  th e  
ro c k  and a l s o  th e  e x t e n t  o f  th e  f r a c t u r e  s u r f a c e s . Each b lo c k  i s  
u s u a l l y  bounded by prominent, f r a c t u r e s .
At S t .  M a rg a re t1s Bay, K en t,  p ro g re s s iv e  b lo c k  f a i l u r e  has been 
observed  ( P l a t e  I )  . I n  one example, th e  f a i l u r e  p lane  was developed  
a lo n g  a j o i n t  i n c l i n e d  a t  65°S . w i th  a s t r i k e  o f  1163% . B locks  .
s l i d i n g  down t h i s  f a i l u r e  p lane  were te rm in a te d  backwards by j o i n t s
d ip p in g  50%* w ith  a s t r i k e  o f  N28% ,  The c o a s t  has an  o r i e n t a t i o n  
o f  IT4 0 % .  The f a i l u r e  p lane  d ip s  seawards b u t  th e  j o i n t s  t e r m in a t in g  
th e  b lo c k s  d ip  lan d w ard s .  I n  a n o th e r  example a t  th e  same l o c a l i t y  
th e  f a i l u r e  p lane  a lo n g  which s 3- id in g  occu rred  was in c l in e d  a t  80% . 
w i th  a  s t r i k e  of IT 8 4 % . The b lo c k s  were te rm in a te d  backwards by 
j o i n t s  d ip p in g  5 5 % . and s t r i k i n g  N38 % . The f r a c t u r e  sp a c in g  a t  
t h i s  l o c a l i t y  was a minimum o f  1 - 1 . 5 m .  and so in d i v id u a l  b lo c k s  
were l a r g e .  The minimum volume o f  b lo c k s  i s  e s t im a te d  t o  be 2 cu.m.
Another example o f  p ro g re s s iv e  b lo c k  s l i d i n g  f a i l u r e  has been  
examined a t  Culver C l i f f ,  I s l e  o f  Wight ( P l a t e  I a ) • The o r i e n t a t i o n  
o f  th e  c o a s t  i s  IT87% .  The s u r f a c e  a lo n g  which movement occu rred  had 
a d ip  o f  3 0 % . and a s t r i k e  o f  IT 54*% • The b lo c k s  a r e  bounded in  th e  
r e a r  by bedd ing  p la n e s  d ip p in g  a t  6 8 % , and s t r i k i n g  IT62% . L a t e r a l l y  
th e  b lo c k s  a re  bounded by j o i n t s  d ip p in g  a t  80% .  and w i th  a s t r i k e  o f  
IT55%» A t y p i c a l  b lo c k  was measured and found t o  be 2m. w ide, 4m. h igh  
and 3m. deep . I n d i v i d u a l  b lo c k s  were t r a v e r s e d  by some minor f r a c t u r e s .
10 6
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I n  some p la c e s  th e  b lo c k s  were more i r r e g u l a r  i n  shape m ainly  because  
o f  th e  p resence  o f  a n o th e r  s e t  of f r a c t u r e s  w ith  a d ip  o f  3 8^*  and 
s t r i k e  o f  N71^W. i n t e r s e c t i n g  the  o th e r  j o i n t s  and bedd ing  p la n e s .
C. I n v e r t e d  b lo c k  rem oval
At th e  fo o t  o f  Shakespeare  C l i f f ,  Dover, an e x te n s iv e  p lane  ( d i p  
74°vV ., s t r i k e  N34°&.) i n c l in e d  landw ards i s  exposed . The ro c k  below th e  
p lan e  has been removed by th e  s e a .  The p lane  ex ten d s  t o  th e  base  of 
th a  c l i f f  and a  p o s s ib le  p lane  i n c l i n e d  seaw ards on which b lo c k  s l i d i n g  
might occur i s  no t exposed . Few j o i n t s  were p r e s e n t  i n  t h e - s e c t i o n  
and t h i s  presumably a s s i s t s  th e  c l i f f  i n  rem a in in g  a p p a r e n t ly  s t a b l e  
even  i f  l i t t l e  su p p o r t  e x i s t s  a t  th e  b a s e .  The s t r i k e  o f  th e  exposed 
p lan e  c o in c id e s  w i th  the- o r i e n t a t i o n  o f  th e  c o a s t ,
D. T e n s io n -s h e a r
A nother type  o f  f a i l u r e  has  been observed a t  some l o c a l i t i e s  t h a t  
ap p ea rs  t o  in v o lv e  b o th  s l i d i n g  and t e n s i o n a l  e f f e c t s .  I n  some r e s p e c t ,  
t h i s  i s  in te rm e d ia te  between th e  t r a n s l a t i o n a l  and’b lo c k  s l i d i n g ,  and 
ro c k  f a l l s .  F a i l u r e s  of t h i s  type o f t e n  in v o lv e  an  e n t i r e  s e c t i o n  o f  
c l i f f .  T h e . |p ro f i le  o f  th e  c l i f f  a f t e r  f a i l u r e  i s  composed o f two p a r t s .  
The upper p a r t  i s  no rm ally  v e r t i c a l  and th e  lower p a r t  i s  in c l in e d  
tow ards th e  c o a s t .  The low er segment o f  th e  p r o f i l e  has been  found to  
be t y p i c a l l y  i n c l in e d  a t  65 -  75°* The s u r f a c e  o f  th e  low er p a r t  o f  
th e  p r o f i l e  i s  u s u a l l y  r e l a t i v e l y  smooth, a l th o u g h  d e f i n i t e  r i d g e s  o r  
s t r i a e  a l ig n e d  in  th e  d i r e c t i o n  o f  maximum s lo p e  f r e q u e n t ly  occur 
( P l a t e  I I ) .  Where f a i l u r e  had been  r e c e n t  lo o s e ,  ru b b ly  and powdery 
c h a lk  was observed on th e se  s u r f a c e s .  Some o f th e  s u r f a c e s  o f  f a i l u r e s  
observed  in  Thanet a re  s tep p ed  i n  ap p ea ran ce ,  each  ’ s t e p 1 co r re sp o n d in g
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t o  th e  p o s i t i o n  o f  a bedd ing  p la n e .  The upper p a r t  o f  th e  p r o f i l e  i s  
n o t  smooth or r id g e d  in  a  downward d i r e c t i o n .  I n s t e a d  th e  s u r f a c e  i s  
composed of  b locky , i r r e g u l a r  c h a lk .  T h is  v e r t i c a l  segment f r e q u e n t ly  
c o n s t i t u t e s  one t h i r d  t o  one h a l f  of th e  t o t a l  l e n g th  o f  th e  v e r t i c a l  
p r o f i l e «
I n c i p i e n t  f a i l u r e s  o f  t h i s  ty p e  have marked t e n s i o n  c rac k s  a t  th e  
to p  o f  th e  p r o f i l e .  Such c ra c k s  a re  sometimes o b s e rv a b le  in  th e  ground 
above th e  i n c i p i e n t  f a i l u r e .  Large c rac k s  o f  t h i s  type  have been 
observed ,  f o r  example, n ea r  Beachy H ead, Such c ra c k s  a r e  sometimes 
a p p a re n t  on a e r i a l  p h o to g rap h s .
An example o f  an  i n c i p i e n t  f a i l u r e  a t  P eg w ell  Bay, T hane t,  i s  fehown 
i n  P l a t e  I I I .  The c l i f f  a t  t h i s  l o c a l i t y  i s  about 20m. h ig h .  A v e r t i c a l  
p lane  ex ten d s  down to  about 8m. below th e  to p  of th e  c l i f f .  The upper 
p a r t  o f  th e  v e r t i c a l  p lane i s  a t e n s i o n  c ra c k  t h a t  i s  open to  a d ep th  
o f  abou t 4ra. J u s t  below a prom inent f l i n t  band th e  v e r t i c a l  p lane  i s  
r e p la c e d  by an in c l in e d  p la n e .  The in c l i n e d  p lane  s lo p e s  seaw ards a t  
about 70C&. The s t r i k e  o f  t h i s  p o t e n t i a l  f a i l u r e  p lane does no t 
co rrespond  e lcac tly  t o  t h a t  o f  any f r a c t u r e  s e t  r e c o g n is e d  a t  t h i s  
l o c a l i t y ,  ( s e e  S e c t io n  T»Q)•
The s t r i k e  of the  p o t e n t i a l  f a i l u r e  p lane w a s N J O ^ .  whereas 
th e  mean s t r i k e  o f  th e  n e a r e s t  p a r a l l e l  f r a c t u r e  s e t  has been .m easured  
a s  N87°$. The mean d ip  o f  t h a t  f r a c t u r e  s e t  i s  89°& . ,  q u i t e  d i f f e r e n t  
from th e  70^ . d ip  o f  th e  i n c l i n e d  p o t e n t i a l  f a i l u r e  p la n e .  Although 
th e  t e n s i o n a l  c ra c k  i s  p robab ly  m ainly  developed  a lo n g  th e  s t r i k e  o f  
an e x i s t i n g  f r a c t u r e  p la n e ,  th e  f i e l d  ev idence  s u g g e s ts  t h a t  th e  
in c l in e d  p a r t  o f^ th e  f a i l u r e  p lane  may deve lop  in d e p e n d e n tly  o f  any
111
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p r e - e x i s t i n g  f r a c t u r e  p la n e s .  A lthough u s u a l l y  u t i l i s i n g '  e x i s t i n g  
f r a c t u r e  p lanes  th e se  f a i l u r e s  may be p a r t i a l l y  o r  com ple te ly  
independen t of p r e - e x i s t i n g  f r a c t u r e  p la n e s .  The in c l in e d  f a i l u r e  
p la n e s  p robab ly  r e p r e s e n t  s h e a r  f a i l u r e  o f  th e  c h a lk .  The smoothness 
o f  th e  f a i l u r e  s u r f a c e s  t o g e th e r  w i th  th e  r i d g e s  and s t r i a e  i n  th e  
d i r e c t i o n s  o f  movement and th e  c h a lk  d e b r i s  on th e  s u r f a c e s  a r e  a l l  
i n  su p p o r t  o f  t h i s .  These f a i l u r e s  may be d e sc r ib e d  a s  t e n s i o n - s h e a r  
f a i l u r e s .
A nother example o f  a t e n s i o n - s h e a r  f a i l u r e  p lane has been  examined 
a t  E a s t  C l i f f ,  Ramsgate ( P l a t e  I I ) , T h is  f a i l u r e  took  p la ce  some tim e 
ag o .an d  th e  c l i f f  s e c t i o n  i s  b e in g  r a p i d l y  m odified  by a c t i v e  sea  
e r o s io n .  The o r i e n t a t i o n  o f  th e  c o a s t  a t  t h i s  l o c a l i t y  i s R 2 8 ^ i l .
The lower in c l in e d  p a r t  o f  th e  f a i l u r e  p lane  has f o r  th e  most p a r t  a 
s t r i k e  o f  N11°E, and a d ip  o f  "]0°&. The f a i l u r e  p lane te n d s  t o  curve 
i n t o  prominent p r e - e x i s t i n g  f r a c t u r e  p la n es  w ith  a s t r i k e  o f  
and a  d ip  o f  8 0 ^ .  The a c t u a l  f a i l u r e  p lane ap p ea rs  i n  th e  c l i f f  as  
a  r e s o l u t i o n  o f  the  d i r e c t i o n  o f  th e  c o a s t l i n e  and o f  th e  dominant
a  p o o r ly  developed s e t  o f  f r a c t u r e s  w i th  a s im i l a r  s t r i k e  t o ' t h a t  of 
th e  f a i l u r e  p la n e .
The lower i n c l in e d  p a r t  o f  th e  f a i l u r e  s u r f a c e  i s  smooth and has 
r i d g e s  ex ten d in g  downwards i n  th e  d i r e c t i o n  o f  p ro b a b le  movement. I n  
p la c e s  th e  s u r f a c e  i s  s l i g h t l y  s te p p e d .  Each s t e p  co rresp o n d s  t o  a 
bedd ing  p lane  or more e s p e c i a l l y  a f l i n t  band or l a y e r  o f  sm all  f l i n t  
n o d u le s  t h a t  occur as  h o r i z o n t a l  bands a t  f r e q u e n t  i n t e r v a l s  i n  th e
F ie l d  work has shown t h a t  t h e r e  i s  a l s o
c h a lk  o f  t h i s from t h i s  e f f e c t  th e  bedd ing  p la n es  do not
• \
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ap p ea r  t o  de te rm ine  th e  modes of f a i l u r e  or th e  o r i e n t a t i o n  o f  th e  
f a i l u r e  s u r f a c e .  O th e r  examples o f  t e n s i o n - s h e a r  f a i l u r e s  have been 
observed  i n  T hane t,  n o ta b ly  n e a r  Foreness  P o i n t ,  B otany Bay and 
Haekemdown P o i n t . They have a l s o  been  seen  i n  th e  c l i f f  s e c t i o n s  
a t  Peacehaven  and Beachy Head.
E. F r a c tu r e  c o n t r o l l e d  ro c k  f a l l
A type  of p la n a r  f a i l u r e  has been  observed  t h a t  a p p e a rs  t o  
in v o lv e  t e n s i o n  o n ly .  I n  t h i s  type  th e  u n s ta b le  mass f a i l s  by g r a v i t y  
and th e  f a i l u r e  may be term ed a r o c k  f a l l *  Rock f a l l s  have been found 
t o  be a common mode o f  f a i l u r e  o f  v e r t i c a l  or n e a r  v e r t i c a l  ch a lk  
c l i f f s  undergo ing  a c t i v e  sea  e r o s io n .  The s c a le  of th e s e  ro c k  f a l l s  
i s  ex tre m ely  v a r i a b l e .  F ie l d  work has shown t h a t  many o f  th e  l a r g e r  
ro c k  f a l l s  a re  c o n t r o l l e d  by p r e - e x i s t i n g  f r a c t u r e s .  The s i z e  o f  any 
one ro c k  f a l l  ap p ea rs  t o  be m ain ly  l im i t e d  by th e  occu rren ce  o f  a 
p r e - e x i s t i n g  f r a c t u r e  of l a rg e  enough a re a  t o  p rov ide  a d e f i n i t e  gap 
betw een th e  u n s ta b le  mass in v o lv ed  i n  th e  ro c k  f a l l  and th e  r e l a t i v e l y  
s t a b l e  r o c k  b eh in d .
A f r a c t u r e  p lane  c o n t r o l l i n g  a la rg e  ro c k  f a l l  o f  t h i s  type  n e a r  
Hewhaven, Sussex, i s  shown i n  P l a t e  IV. The v e r t i c a l  c l i f f s  a t  t h i s  
l o c a l i t y  a re  some JO m, h ig h .  The backward e x t e n t  o f  th e  ro c k  f a l l  
has been  l im i t e d  by an  e x te n s iv e  f r a c t u r e  p lane d ip p in g  8 6 ^ .  w i th  
a  s t r i k e  of H85°^. The f r a c t u r e  p lane i s  i n c l i n e d  s l i g h t l y  seaw ards .  
The s t r i k e  of th e  f r a c t u r e  p lane  c o in c id e s  w i th  t h e . t r e n d  o f  th e  
c o a s t l i n e .  The upper p a r t  o f  th e  c l i f f  i s  overhang ing  and i s  formed 
o f  b locky  c h a lk .  When v i s i t e d  t h i s  overhang ing  p a r t  o f  th e  c l i f f  
appea red  u n s t a b l e .  The f r a c t u r e  p lane  be longs  t o  a s e t  o f  f r a c t u r e s
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Fracture controlled reck fall (T^pe IE.) a t  Neukaven,
t h a t  a r e  w e ll-d ev e lo p ed  i n  t h i s  a r e a  w i th  a mean s t r i k e  o f  H87% .  and 
a  mean d ip  of 82^3, ( s e e  S e c t io n  7*4*4)* The f r a c t u r e  p lane  i s  smooth and
in  p la c e s  covered w i th  l i r a o n i t e .  Some s t r i a t i o n s  v e r t i c a l l y  o r i e n t a t e d  
occur on th e  su r face*  However, th e s e  ap p ea r  t o  be ' t r u e *  s l i c k e n s i d e s  r a t h e r  
th a n  markings caused by r e c e n t  s l i d i n g  o f  a f a i l i n g  mass o f  r o c k .  Ho 
i r r e g u l a r i t i e s  o f  the. p lane occur due t o  th e  bedd ing  o f  f l i n t  bands 
i n d i c a t i n g  t h a t  th e  f r a c t u r e  i s  a s t r u c t u r a l  f r a c t u r e  or j o i n t  r a t h e r  
th a n  a p lane formed r e c e n t l y  by s h e a r in g  of th e  c h a lk  d u r in g  f a i l u r e  
o f  an  u n s ta b le  mass o f  r o c k .  L a t e r a l l y  th e  ro c k  f a l l s  a r e  t e rm in a te d  
by f r a c t u r e s  t r e n d in g  a t  or n e a r  r i g h t  a n g le s  t o  th e  o r i e n t a t i o n  of 
th e  c o a s t l i n e .
A second example o f  e x te n s iv e  f r a c t u r e  p la n es  c o n t r o l l i n g  ro c k  
f a l l s  has been  examined n e a r  P eacehaven , S ussex .  At t h i s  l o c a l i t y  th e  
c l i f f s  a re  about 50 m, h ig h .  P rom inen t f r a c t u r e  p la n es  a re  o r i e n t a t e d  
t y p i c a l l y  w i th  a d ip  o f  74°^ • and a s t r i k e  of H 5 0 % , The c o a s t l i n e  
t r e n d s  H 6? .  Where th e  f r a c t u r e s  i n t e r s e c t  th e  c l i f f s ,  e x te n s iv e  
p la n e s  a re  exposed as  shown in  P l a t e  V . The p la n e s  ex ten d  u n ifo rm ly  
from th e  basjb o f  th e  c l i f f  a lm o s t  t o  th e  to p .  H ear th e  to p  th e  .i
c h a lk  i s  lo o se  and v e ry  f r a c t u r e d  and th e  p la n es  a re  l e s s  p rom inen t.
The f r a c t u r e  s u r f a c e s  a r e  e x t e n s i v e ly  s t a i n e d  w i th  ye l low  l i m o n i t e .
Each p lane  forms th e  backward t e r m in a t io n  of a  ro c k  f a l l .  The ro c k  
f a l l  p ro g re s s e s  between two c o n s e c u t iv e  p a r a l l e l  p la n e s  as  e r o s io n  
p ro c e e d s .  Ho i n d i c a t i o n s  o f  s l i d i n g  a lo n g  th e s e  f r a c t u r e s  were found .
F. I r r e g u l a r  r o c k  f a l l
At some l o c a l i t i e s  r o c k  f a l l s  have been observed  t h a t  a r e  a p p a r e n t ly  
u n r e l a t e d  t o  pre - x i s t i n g  f r a c t u r e  p la n e s .  Such ro c k  f a l l s  a r e  n o rm ally
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o f  much s m a l le r  s i z e  th a n  th e  f r a c t u r e  c o n t r o l l e d  ro c k  f a l l s ,  and 
th e y  ta k e  p lace  m ain ly  in  b locky  or ru b b ly  c h a lk  t h a t  i s  lo o se  and 
w e a th e re d .  The more i n t e n s iv e  f r a c t u r i n g  o f  th e  c h a lk ,  presumably 
produced by w e a th e r in g  p ro c e s s e s ,  means t h a t  when f a i l u r e  o ccu rs ,  
f o r  example by th e  sea  u n d e r c u t t in g  th e  c l i f f ,  i t  i s  no t c o n t r o l l e d  
g r e a t l y  by th e  major f r a c t u r e  p la n e s .  Small r o c k  f a l l s  o f  t h i s  
ty p e  have been no ted  a t  s e v e r a l  l o c a l i t i e s  e . g .  Botany  Bay, Thanet, 
F resh w a te r  Bay ( i s l e  o f  Wight) and a t  Weybourne, N o r fo lk .
2 ,  Wedge f a i l u r e s
F a i l u r e s  and p o t e n t i a l  f a i l u r e s  o f  masses o f  c h a lk  have been ' 
observed  where th e  c o n t r o l l i n g  f a c t o r  i s  no t j u s t  one s in g le  p lane  
b u t  two or more in c l in e d  p la n e s .  These wedge ty p e  f a i l u r e s  a re  
much l e s s  common th a n  th e  p la n a r  f a i l u r e s .  T h ey ?u su a lly  occur where 
two e x i s t i n g  in c l i n e d  f r a c t u r e  p la n es  i n t e r s e c t  t o  g iv e  a mass o f  
r o c k  t h a t  w i th  e r o s io n  o f  the  c l i f f  f a c e  becomes u n s ta b le  and moves 
fo rw a rd s •
G. Wedge s l i d i n g
A p o t e n t i a l  wedge s l i d i n g  f a i l u r e  has been examined a t  E as t  
C l i f f ,  Ram sgate. The c l i f f  i s  cu t  m ainly  i n  Upper Chalk o f  th e  
M ic r a s t e r  coranguinum zone. At t h i s  l o c a l i t y  th e  c l i f f  i s  abou t 30‘ 
h ig h  and i s  a l ig n e d  N28cfe. Two prom inent f r a c t u r e  p la n es  i n t e r s e c t  
i n  th e  c l i f f  a s  shown in  P l a t e  V I .  One f r a c t u r e  was found t o  have a 
d ip  o f  6l Cfc. and a s t r i k e  of N 8 2 % .,  and th e  o th e r  f r a c t u r e  a d ip  o f  
6 1 % . and a s t r i k e  o f  N40% .  The f r a c t u r e s  ex tended  upwards n e a r ly  
t o  th e  c l i f f  t o p .  The f r a c t u r e s  had smooth s u r f a c e s ,  b u t  t h a t  w i th
. . : i  -  .' \
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T r e n d  o f  coa&T ’• N ^ E .
a s t r i k e  o f  H82^V, had a  s tep p ed  appearance  w i th  each  s t e p  o c c u r r in g  
a t  a  bedd ing  p la n e .  The two f r a c t u r e  p la n es  had r e l a t i v e  d isp la c e m e n ts  
o f  up t o  0 .1  m., and may perhaps t h e r e f o r e  s t r i c t l y : . b e  te rm ed f a u l t s  
r a t h e r  th a n  jo in t s , .  Some r id g e s  o r i e n t a t e d  v e r t i c a l l y  downwards a re  
v i s i b l e  on the  f r a c t u r e  s u r fa c e  s t r i k i n g  1182% f s u g g e s t in g  t h a t  
movement occu rred  m ain ly  a long  t h a t  p la n e .  A p la n  o f  th e  p o t e n t i a l  
f a i l u r e  i s  shown in  F ig .  20, ,
H. I n v e r t e d  wedge rem oval
As a l r e a d y  mentioned a t  some l o c a l i t i e s  th e  sea has eroded th e  
f o o t  o f  c l i f f s  a lo n g  a s i n g l e - f r a c t u r e  p lane  i n c l i n e d  landw ards ,
Cases have a l s o  been no ted  where th e  sea  has e roded  th e  fo o t  o f  a 
c l i f f  a lo n g  two i n t e r s e c t i n g  p la n e s .  The mass o f  rock- i n i t i a l l y  
removed i s  d e f in e d  by th e  two p la n e s .  The r e s u l t  may be d e s c r ib e d  
a s  in v e r t e d  wedge rem ova l.
An example o f  t h i s  mode o f  f a i l u r e  has been  examined a t  P 'eacehaven. 
P rom inen t f r a c t u r e  p la n e s  occur in  th e  lower p a r t  o f  the  c l i f f s .  The 
upper 7 -  10 ro. o f  th e  JO m. h ig h  c l i f f s  i s  composed o f  s o f t e r  lo o se  
c h a lk  and t i e  main f r a c t u r e  p la n e s  b e c o m e 'le s s  p rom inen t.  The two 
i n t e r s e c t i n g  f r a c t u r e  p la n e s  have s t r i k e s  o f  N21CW. a n d H 5 1 C^B., and 
d ip s  o f  7 5 ^ ,  and 65° # .  r e s p e c t i v e l y .  The s u r fa c e  o f  th e  f r a c t u r e  
w ith  a s t r i k e  o f  N21%. i s  smooth and covered  by l i m o n i t e .  The f r a c t u r e  
w i th  a s t r i k e  o f  $ 51^ .  has l e s s  l im o n i te  on i t s  s u r fa c e  and'some 
b roken  f l i n t  occurs  a lo n g  th e  p lane  i n d i c a t i n g  t h a t  a t  some time 
movement may have o c c u r re d ,  A p la n o o f  th e  i n t e r s e c t i n g  f r a c t u r e s  i s  
g iv e n  in  F ig ,  21. Sea e r o s io n  ap p ea rs  t o  be g r a d u a l ly  removing th e  ' 
wedge shaped mass o f  r o c k  formed by th e  i n t e r s e c t i n g  f r a c t u r e s .s!
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(?) PIa n
(fc>) Exposed section
Scale. approx. I*fc50
R«y20. P lan  and section of potential \Ajed^e-failure- a t  E ast C\v{f, Ramsgate.
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O rieota+ion  ofctvfjf NlOaV0.
(«) Ptan
■Vy
i^ >) Exposed section
Scale, approx. l'4*3>0
/ Ficy2J. Ptan an4 s&cfr\or\ of ir\varred wedge, failure. at Pcacetaaveri.
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5* Complex f a i l u r e s
A more complex type  o f  f r a c t u r e  c o n t r o l l e d  f a i l u r e  has been 
observed  a t  some l o c a l i t i e s *  I n s t e a d  of in v o lv in g  one f r a c t u r e  
p lan e  a s  in  p la n a r  s l i d i n g  or two f r a c t u r e  p la n es  as  i n  wedge 
f a i l u r e s ,  th e se  more complex f a i l u r e s  in v o lv e  c o n t ro l  by more th a n  
two e x i s t i n g  f r a c t u r e  p la n e s ,
I .  Complex s id in g
One type  o f  complex f a i l u r e  ta k e s  p lace  by s l i d i n g .  The ro c k  
masses invo lv ed  in  th e s e  f a i l u r e s  a r e  o f  i r r e g u l a r  shape, a s  opposed 
t o  th e  u s u a l  c u b o id a l  b lo ck s  formed by b lo c k  s l i d i n g  f a i l u r e  and 
th e  wedge-shaped masses formed by wedge s l i d i n g  f a i l u r e .  The 
s l i d i n g  p ro c e ss  may occur a long  s e v e r a l  f r a c t u r e  p la n es  a t  any one 
tim e#
A f a i r l y  s im ple example o f  such a m u l t i - f r a c t u r e  c o n t r o l l e d  
f a i l u r e  has been examined a t  W h i t e c l i f f  Bay ( i s l e  o f  Wight) . At t h i s  
l o c a l i t y  th e  bedd ing  p la n e s  d ip  65^ #  and s t r i k e  N76CW, The h igh  
an g le  o f  d ip  a l low s th e  bedd ing  p la n es  t o  be s i g n i f i c a n t  f r a c t u r e s  
a f f e c t i n g  tlje s t a b i l i t y  o f  th e  c l i f f #  The s t r i k e  of th e  bedd ing  i s  
c lo s e  t o  t h a t  o f  th e  c o a s t l i n e  which i s  N 55% , Three main e x i s t i n g  
f r a c t u r e s  s e t s  c o n t r o l  th e  shape o f  th e  ro ck  masses in v o lv ed  in  th e  
f a i l u r e s .  A s k e tc h  o f  a t y p i c a l  f a i l u r e  examined a t  t h i s  l o c a l i t y  ■ 
i s  shown in  F ig .  22. Two f r a c t u r e s  l i m i t  th e  e x t e n t  o f  th e  ro c k  
mass l a t e r a l l y #  These f r a c t u r e s  have s t r i k e s  o f N l S 1^ .  a n d N 6 0 °E . ,  
w i th  d ip s  o f  90^ and 8 8 ^ .  r e s p e c t i v e l y .  These f r a c t u r e s  a l s o  l i m i t  
th e  backward e x t e n t  o f  th e  mass. The v e r t i c a l  e x t e n t  of th e  mass 
i s  c o n t r o l l e d  by th e  d i s ta n c e  between th e  bedding  p la n es  d ip p in g  a t
(o) Plan
(b )S K etcK af -failure. con<Al+iot>s
O'^m,
(c) Oim&nsions of ’failing ValocW
F icy 22.. Detail of potential complex sliding failure in cliffs a t  
WKi1-eclr(f S a ^ ,  I s l e  o f W i^fvt.
1^ -
65°^ • At th is  lo c a l i t y  these bedding planes are 0 .2  -  0 .3  m. apart.
The mass so determ ined  f a i l s  by s l i d i n g  on th e  lower l i m i t i n g  bedd ing  
p lane  s u r f a c e .  The s l i d i n g  i n  t h i s  p a r t i c u l a r  f a i l u r e  a l th o u g h  t a k in g  
p la c e  m ain ly  down th e  bedd ing  p la n e ,  might a l s o  p a r t i a l l y  occur on
te n d  t o  d i v e r t  th e  b lo c k  s l i g h t l y  e a s tw a rd s .  The degree  o f  c o n t r o l  
e x e r te d  by in d i v id u a l  f r a c t u r e  p la n es  c l e a r l y  depends on t h e i r  
r e l a t i v e  o r i e n t a t i o n s .
The bedd ing  p lan e  invo lv ed  i n  t h i s  p o t e n t i a l  f a i l u r e  i s  n e a r ly  
smooth and i s  p a r t l y  co a ted  w ith  l i m o n i t e .  Lower down th e  exposed 
bedding  p lane  a b la c k  c o a t in g  o c c u r s .  T h is  i s  th o u g h t p o s s ib ly  t o  
be s a l t .  The f r a c t u r e  s t r i k i n g  N16°^« i s  a l s o  n e a r l y  smooth and 
co a ted  w ith  l i m o n i t e .  Some v e g e t a t i o n ,  m ain ly  g r a s s  and mosses, 
occu rs  a long  th e  s u r f a c e  t r a c e  of the  f r a c t u r e s  s t r i k i n g  N60°E. 
Complex f r a c t u r e  c o n t r o l l e d  f a i l u r e s  o f  a s i m i l a r  n a tu r e  have been  
observed  in  th e  s t r u c t u r a l l y  complex c h a lk  o f  Man of War Cove and 
Durdle Cove in  D o rs e t .
J .  C i r c u l a r  s l i p
At a few l o c a l i t i e s  c i r c u l a r  s l i p s  have been observed  b u t  th e y  
have been con fined  t o  w ea the red  and lo o se  c h a lk  and s o l i f l u c t i o n  
c h a lk .  Those s l i p s  en co u n te red  have b een  o f  on ly  sm a l l  magnitude
Th& maximum h e ig h t  o f  c l i f f  invo lv ed  i n  th o s e  s l i p s  observed  has 
been abou t 1 .5  m. The f a i l u r e  p la n es  have been c i r c u l a r  b u t  s t e e p l y  
i n c l in e d  backwarlds so t h a t  on ly  a r e l a t i v e l y  sm all  mass o f  ch a lk  i s
th e  l a t e r a l  l i m i t i n g  f r a c t u r e  p lane  s t r i k i n g  N16°& . ,  which would
4-. S u p e r f i c i a l  f a i l u r e s
and have a f f e c t e d  on ly  th e  lo o se  c h a lk  a t  th e  to p  o f  th e  c l i f f s .
' \
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in v o lv ed  in  th e  f a i l u r e .  Such c i r c u l a r  f a i l u r e s  have been observed 
i n  ru b b ly  ch a lk  which has been produced by th e  movement o f  no rm ally  
bedded ch a lk  i n  la rg e  r o t a t i o n a l  s l i p s  a t  Y/hite Nothe in  D o rse t .  O th e r  
f a i l u r e s  o f  t h i s  type  have been  observed  in  p o o r ly  g raded  s o l i f l u c t i o n  
c h a lk  a t  f r e s h w a te r  Bay, I s l e  o f  V/ight and a t  Peacehaven , Sussex .
K. Mudflow
Mudflows o f  c h a lk  have been  no ted  a t  a few l o c a l i t i e s .  L ik e
th e  c i r c u l a r  s l i p s  th e y  on ly  in v o lv e  w eathered  lo o se  ch a lk  or s o l i f l u c t i o n  
c h a lk  or ch a lk  t h a t  has a l r e a d y  been  reduced  to  sm a l l  p a r t i c l e s  by mass 
movement. Those mudflows observed  have covered on ly  r e l a t i v e l y  sm a ll  
a r e a s .  Minor mudflows o f  t h i s  type  have been observed a t  Dumpton Gap, 
T h an e t .
The l a t t e r  two ty p e s  o f  f a i l u r e  ( ty p e s  J  and K) have n o t  been  
examined in  d e t a i l  by th e  a u th o r .  The c o n d i t io n  o f  th e  cha lk  invo lv ed  
i n  th e s e  f a i l u r e s  i s  such  t h a t  th e y  may be b e t t e r  co n s id e re d  as  s o i l  
s lo p e s  r a t h e r  th a n  ro c k  s lo p e s .  N e v e r th e le s s  th e  two ty p e s  a re  
m entioned fcjr co m p le ten ess .
5 . M isc e l la n e o u s  f a i l u r e s  
L .  Swallow h o le  c o n t r o l l e d
The shape o f  c l i f f s  undergo ing  c o a s t a l  r e t r e a t  i s  though t t o  have 
been  de term ined  a t  a few l o c a l i t i e s  by th e  occu rrence  o f  o ld  swallow 
h o l e s .  I n l e t s ,  rough ly ' c i r c u l a r ,  i n  p la n  and about 7 -  10 in  d ia m e te r ,  
have been eroded out by th e  sea . . ,  T h e ir  o ccu rrence  i s  n o t  r e a d i l y  
e x p la in e d  by th e  o r i e n t a t i o n  o f  f r a c t u r e  p la n e s .  However, th e  c h a lk  
. su r ro u n d in g  th e s e  i n l e t s  has been found t o  have f r a c t u r e s  t h a t  a r e
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v e ry  open and th e  c h a lk  i s  c l o s e l y  f r a c t u r e d  and b lo c k y .  The 
f r a c t u r i n g  has been  found to  d e c re a se  r a p i d l y  away from th e  i n l e t .  
The a u th o r  c o n s id e r s  t h a t  th e s e  may be th e  s i t e s  o f  o ld  swallow 
h o le s  or th e  o p e n - f r a c tu r e d  c h a lk  im m ediate ly  below th e  ' h o l e 1 
i t s e l f  th ro u g h  which w a te r  p e r c o la te d  downwards, th u s  i n c r e a s in g  
th e  openness o f  th e  f r a c t u r i n g .  These f e a t u r e s  have been observed  
p a r t i c u l a r l y  w e l l  a t  N o r th  F o re la n d ,  T h an e t,
Another r a t h e r  l a r g e r  c i r c u l a r  i n l e t  has been no ted  on th e  
e a s t  s id e  o f  F resh w a te r  Bay ( i s l e  o f  W ig h t) . Again th e  c h a lk  
su r ro u n d in g  th e  i n l e t  has c lo s e  f r a c t u r i n g ,  and l im o n i t e  s t a i n i n g  
o ccurs  down t o  th e  base  o f  th e  c l i f f  w hich, a t  t h i s  l o c a l i t y ,  i s  
some 25 m. h ig h .  Not enough examples o f  th e se  f e a t u r e s  have been  
S tu d ie d  t o  confirm  t h a t  th e y  g iv e  r i s e  t o  1 swallow ho le  c o n t r o l l e d '  
f a i l u r e s  o f  s t e e p  c h a lk  s lo p e s .  However, th e  p o s s i b i l i t y  i s  
th o u g h t  t o . e x i s t .
5 .3 .2  C o a s ta l  s lo p e s  n o t  u n dergo ing  a c t i v e  e ro s io n
Many c l i f f  s e c t i o n s  o f  c h a lk  i n  s o u th - e a s t  England a re  no t now 
s u b je c t ,  t o  marine e r o s io n  a s  a consequence o f  v a r io u s  sea  defence  
w orks. Some o f  th e s e  c l i f f s  have been a r t i f i c i a l l y  g raded  to  a 
•supposed ly  sa fe  an g le  o f  s lo p e .  These p r o te c te d  c o a s t a l  s lo p e s  
have been examined t o  i n v e s t i g a t e  th e  manner in  w hich d e g ra d a t io n  
i s  p ro cee d in g ,  and t o  de te rm ine  i f  any o f  th e s e  s lo p e s  appear  
p o t e n t i a l l y  u n s t a b l e .
Most o f  th e  observed  f a c e s  e x h i b i t e d  ch a lk  t h a t  appea red  much 
more f r a c t u r e d  th a n  t h a t  in  th e  c l i f f s  b e in g  a c t i v e l y  e ro d ed .  The
i  .' \
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e f f e c t  o f  th e  in c re a s e d  f r a c t u r i n g  i s  t o  produce lo o se  c h a lk  f ragm ents  
a t  th e  su r fa c e #  As a consequence o f  th e  in c re a s e d  f r a c t u r i n g  th e  main 
r e g i o n a l  f r a c t u r e  s e t s  a r e  much l e s s  r e a d i l y  a p p a re n t  in  th e s e  s e c t i o n s  
th a n  in  th o se  undergo ing  a c t i v e  e r o s io n .  A lthough f r a c t u r i n g  te n d s  t o  
in c r e a s e  -frith age , some f a c e s  t h a t  have n o t  undergone e ro s io n  by th e  
s ea  f o r  many y e a r s  have been  found t o  show only  a l im i t e d  development 
o f  t h i s  secondary  f r a c t u r i n g .  Elracture sp ac in g  i n  th e  Chalk i s  d e a l t  
w i th  more f u l l y  i n  C hapter 8.
The m a jo r i ty  o f  p r o te c te d  c l i f f  f a c e s  examined appeared  s t a b l e ,  
a l th o u g h  in  some case s  th e y  rem ained v e r t i c a l  or n ea r  v e r t i c a l ,  and 
n ea rb y  u n p ro te c te d  c l i f f s  i n  s i m i l a r  ty p e s  of c h a lk  were undergo ing  
f a i l u r e s  o f  one or more o f  th e  ty p e s  d e s c r ib e d  i n  S e c t io n  5*3*1#
Most p la n a r  f a i l u r e s  observed  i n  a c t i v e l y  eroded  c h a lk  c l i f f s  have 
been  a lo n g  e x i s t i n g  f r a c t u r e s  p la n e s  d ip p in g  a t  a n g le s  o f  80-90°# 
In d e e d ,  th e  m a jo r i ty  o f  a l l  measured f r a c t u r e s  have been  found to  
have d ip  a n g le s  in  ex c e ss  o f  80^, and most f r a c t u r e  s e t s  have mean 
d ip  a n g le s  o f  90° ( see C hapter 7) •
II n  p r o te c te d  f a c e s  t h a t  a r e  g raded  back from th e  v e r t i c a l ,  f o r  
example t o  70° a t  S a l td e a n ,  Sussex , f a i l u r e s  a lo n g  any s t e e p l y  i n c l in e d  
f r a c t u r e s  i s  u n l i k e l y .  I n  p r o te c te d  f a c e s  t h a t  a r e  v e r t i c a l  th e  
in c re a s e d  f r a c t u r i n g  presumably due t o  w ea th e r in g ,  te n d s  t o  cause 
lo o se  fragm en ts  t o  f a l l  o f f  th e  exposed s u r f a c e s .  As t h i s  p ro cess  
c o n t in u e s ,  th e  f a c e  te n d s  to  be s low ly  graded back  from th e  v e r t i c a l .  
More m a te r i a l  te n d s  t o  f a l l  from th e  upper p a r t  o f  th e  c l i f f  th a n  th e  
lov^er p a r t  so making th e  s lo p e  i n c l i n e d  backw ards.
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A lthough  a r t i f i c i a l  g ra d in g  and n a t u r a l  g ra d in g  te n d  t o  make la rg e  
f a i l u r e s  u n l i k e l y  i n  th e s e  p r o te c te d  f a c e s , .s o m e  c a se s  o f  p o t e n t i a l  
i n s t a b i l i t y  have been  observed# A t D over,  beh ind  th e  C ro ss -C h a n n e l  C ar  
F e r r y  T e rm in a l ,  i s  a  c h a lk  s lo p e  t h a t  h as  b een  p r o te c te d  f o r  many y e a r s .  
M uir Wood ( l 9 7 l )  n o te s  t h a t  th e  c l i f f s  a t  Dover have been  p r o te c te d  
from th e  sea  f o r  abou t 400 y e a r s ,  and in  p la c e s  have w ea the red  back  
l e s s  th a n  a  metre t o  an  a n g le  of abou t 60°, The s lo p e  a t  D over 
i n v e s t i g a t e d  by th e  a u th o r  i s  some 7$ m# h ig h  and i s  i n  hard  c h a lk .
The o r i e n t a t i o n  o f  th e  s lo p e  i s  I ^ O ^ #  and i t  i s  i n c l i n e d  a t  an  an g le  
of 65° .  The s lope  i s  p a r t l y  v e g e ta te d  w i th  g r a s s ,  sh ru b s  and sm a l l  
t r e e s ,  b u t  a p p e a rs  r a t h e r  u n s ta b le  s in c e  some a p p a r e n t ly  lo o se  b lo c k s  
and s l ip p e d  masses of c h a lk  o c c u r .  A t one p la c e  a f a u l t  i s  p r e s e n t  
w i th  a  s t r i k e  of IT3 6 *, s i m i l a r  t o  th e  t r e n d  o f  th e  s lo p e ,  and a d ip  
o f  55°S• S l i c k e n s i d e s  occur on th e  s u r fa c e  o f  th e  f a u l t  p la n e .  T h i s  
p lan e  i s  c o n s id e re d  t o  be one a lo n g  which a t r a n s l a t i o n a l  s l i d i n g  
f a i l u r e  cou ld  p o s s ib ly  ta k e  p la c e .  A j o i n t  w i th  a s t r i k e  o f  IT20^1. and a 
d ip  o f  5 5 ^  •> an(* hence a s i m i l a r  o r i e n t a t i o n  t o  t h a t  o f  th e  f a u l t ,  was
I n  a  p r o te c te d  c l i f f  a t  W estbrook Bay, M arg a te ,  s t e e p l y  i n c l i n e d  
f r a c t u r e  p la n e s  s t r i k i n g  n e a r l y  p a r a l l e l  w i th  th e  c o a s t  have been
The c l i f f s  a re  n e a r  v e r t i c a l  and abou t 10 m. high# I f  a c t i v e  sea  
e r o s io n  was t a k in g  p la c e  f a i l u r e  would p robab ly  be by f r a c t u r e  
c o n t r o l l e d  ro c k  f a l l #  However, i n  t h i s  p r o te c te d  s lo p e  t r i g g e r i n g  
o f  f a i l u r e  by ^ ro s io n  o f  th e  f o o t ' o f  th e  c l i f f  cannot occur# T h is
t h i s  l o c a l i t y
o b se rv e d .  The o r i e n t a t i o n  o f  th e  c o a s t  i s  IT60% #, and a t y p i c a l  
p o t e n t i a l  f a i l u r e  p lan e  has a  s t r i k e  o f  N37C^ #  and a d ip  o f  85% ,.
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s lo p e  i s  t h e r e f o r e  presum ably  s t a b l e  p rov ided  no o th e r  f a c t o r s  a re  
a c t i v a t e d  t h a t  might reduce  s t a b i l i t y  and 1 t r i g g e r ’ a f a i l u r e .
S im i la r  s t e e p l y  d ip p in g  f r a c t u r e  p la n es  a l ig n e d  p a r a l l e l  w ith  th e  
c o a s t ,  and which may be p o t e n t i a l  f a i l u r e  p la n e s ,  have been observed  
i n  p r o te c te d  f a c e s  a t  W estern U n d e r c l i f f ,  Ramsgate, and E a s te rn  
E sp lan ad e ,  Ramsgate.
On th e  w est s id e  o f  S t .  M i ld r e d ’ s Bay, M arga te ,  a p r o te c te d  
c l i f f  f a c e  has been  examined t h a t  shows two i n t e r s e c t i n g  p la n e s .  The 
p la n e s  ap p ea r  t o  be th o se  a lo n g  which a wedge f a i l u r e  has  o c c u r re d ,  
or a lo n g  which a wedge-shaped mass of r o c k  has  been  removed d u r in g  
c o n s t r u c t io n  of  th e  s e a - w a l l .  At t h i s  l o c a t i o n  t h e  n e a r  v e r t i c a l  
c l i f f  i s  o r i e n t a t e d  IT5 0 % . ,  and i t s  h e ig h t  i s  abou t 10m. The 
f r a c t u r e  p la n es  in v o lv ed  s t r i k e  N27^ .  a n d U 6 5 Q^ *> and have d ip s  o f  
69^ .  and 67^ .  r e s p e c t i v e l y .  A p la n  o f  t h i s  p ro b ab le  wedge f a i l u r e  
i s  shown in  F ig .  23*
Few of th e  r e c e n t l y  p r o te c te d  s lo p e s  su p p o r t  v e g e t a t i o n .  S lopes  
s t e e p e r  thajh about 65° do no t n o rm ally  appear  t o  become v e g e ta te d  
a p a r t  from o c c a s io n a l  mosses and l i c h e n s .  G rasses  and sm all  sh rubs  
have been  observed  growing i n  f r a c t u r e s  f i l l e d  w i th  ro c k  f ragm en ts  
and c la y  on s lo p e s  o f  abou t 6 5 -7 0 ° .
I n  p r o te c te d  c l i f f s  w est o f  Newhaven H arbour c h a lk  i s  o v e r l a in  
by some 7 m* o f Thanet Sands , The c h a lk  forms a c l i f f  i n c l in e d  a t  
about 4 0 -5 0 ° .  The sands a re  s l i p p i n g  and b e in g  washed from th e  to p  
p a r t  o f  th e  c l i f f  t o  form d e b r i s  p i l e d  up a g a i n s t  th e  c h a lk  a t  th e  
base  o f  th e  c l i f f .  Hence, th e  o ld  c l i f f  o f  c h a lk  i s  becoming b u r ie d  
b e n e a th  th e  s o f t e r  d e b r i s .
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Orierrhation 
o f cliff I NSO°W.
(«) Plan
(h). Exposed action
Scale- approx. l*3>00
F ig .2.3. Plan and section  of wedge sliding failure eft 
St. Mildred's B ag , M argate.
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Many s te e p  s lo p e s  have been  examined in  q u a r r i e s  and road  
c u t t i n g s .  The form o f  th e s e  a r t i f i c i a l l y  ex cav a ted  s lo p e s  has o f t e n  
been  found to  d i f f e r  from t h a t  o f  n a t u r a l  c o a s t a l  s lo p e s .  U s u a l ly  
some degree  o f  s t a b i l i t y  i s  r e q u i r e d  f o r  a r t i f i c i a l  s l o p e s .  Only 
s h o r t - t e r m  s t a b i l i t y  i s  n e c e s s a ry  f o r  most w orking f a c e s  o f  q u a r r i e s ,  
w hereas lo n g - te rm  s t a b i l i t y  i s  r e q u i r e d  f o r  road  c u t t i n g s .  D i f f e r e n c e s  
a l s o  d e r iv e  from th e  methods o f  e x c a v a t io n  employed.
• Many f a c e s  examined have appeared  s t a b l e .  A major f a c t o r  
a f f e c t i n g  th e  s t a b i l i t y  has been found t o  be th e  s t r i k e  and d ip  o f  
e x i s t i n g  f r a c t u r e  p la n e s  w i th  r e s p e c t  t o  th e  o r i e n t a t i o n  o f  th e  f a c e .  
Some examples w i l l  be d e s c r ib e d  which i l l u s t r a t e  th e  v a r i a t i o n  in  
th e  s t a b i l i t y  o f  th e  a r t i f i c i a l l y  excava ted  s lo p e s  i n v e s t i g a t e d .
At Redbourn, H e r t f o r d s h i r e ,  a q u a r ry  t h a t  has been abandoned 
f o r  many y e a r s  shows a 10 m. h ig h  v e r t i c a l  f a c e  o f  c h a lk ,  w i th  an  
a d d i t i o n a l  lower 10 m. h id d en  by a  s c re e  o f  lo o se  c h a lk .  The main 
fa c e  o f  cha]|k ap p ea rs  s t a b l e .  The s t a b i l i t y  o f  th e  f a c e  i s
i
a t t r i b u t e d  t o  th e  absence o f  any f r a c t u r e  p la n es  o r i e n t a t e d  
a d v e r s e ly  w ith  r e s p e c t  t o  the  f a c e .  One s e t  has a mean s t r i k e  o f  
N 3 5 s i m i l a r  t o  t h a t  o f  th e  f a c e ,  and w ith  a mean d ip  o f  90° .
Two o th e r  f r a c t u r e - s e t s  a r e  o r i e n t a t e d  a lm ost a t  r i g h t  a n g le s  t o  
one a n o th e r .  They have mean s t r i k e s  o f N 3 2 cfe. andN 63°W ., and 
mean d ip s  o f  81°tf. and 83°te. r e s p e c t i v e l y .  No f r a c t u r e  p le n e s  a re  
t h e r e f o r e  in c l in e d  tow ards th e  face  i n  such a way as t o  g iv e  major 
j o i n t  c o n t r o l l e d  f a i l u r e s .  The dominant r e c t a n g u l a r  f r a c t u r e  
p a t t e r n  to g e th e rX w ith  th e  n ea r  h o r i z o n t a l  bedd ing  p la n e s ,  ten d  t o
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g iv e  c u b o id a l  b lo c k s  o f  chalk* The s id e s  o f  th e  cubes a re  
no rm ally  0*5 - 1 * 0  m. in  l e n g th .
I n  a n o th e r  p a r t  o f  th e  same q u a rry  a f a i l u r e  occu rred  in  a 
5 m. h ig h  face  o f  c h a lk .  Numerous t r e e  -roo ts  were p r e s e n t  
e x te n d in g  down th e  f a i l u r e  p lane  and th e y  ap p ea r  t o  have 
c o n t r i b u te d  to  f a i l u r e  o f  th e  s lo p e .  The f a i l u r e  p lane 
conforms t o  an e x i s t i n g  j o i n t  p lane  w i th  a s t r i k e  s i m i l a r  t o  
t h a t  o f  th e  ch a lk  fa c e  and w i th  a d ip  o f  80° tow ards th e  f a c e .
E xam ination  o f  th e  j o i n t  p lane  a d ja c e n t  t o  th e  f a i l u r e  showed 
t h a t  i t  was v e ry  open w i th  an  ave rage  w id th  o f  50-100 mm. More 
t r e e  r o o t s  cou ld  be seen  e x te n d in g  down th e  f r a c t u r e .  The 
p resen ce  o f  r o o t s  would a l low  w a te r  to  r e a d i l y  p e r c o l a t e  down 
th e  f r a c t u r e .  The f a i l u r e  i s  b e l ie v e d  to  have o ccu rred  in  
J a n u a ry  -  F ebruary  1974> a p e r io d  o f  h igh  r a i n f a l l  i n  t h i s  a r e a .
The f a i l u r e  i s  o f  th e  f r a c t u r e  c o n t r o l l e d  ro c k  f a l l  ty p e .
The f a i l e d  c h a lk  forms a p i l e  o f  b lo c k s  a t  th e  base  o f  th e  s lo p e ,  
b lo c k s  found were about 200 mm, x 100 mm, x 150 mm.
The c h a lk  invo lved  in  th e  f a i l u r e ,  when in  p la c e ,  d id  no t ex ten d  
more th a n  about 1 .0  m. back  from th e  f a c e ,  and was th e r e f o r e  
a l r e a d y  b locky  and p a r t l y  w ea th e red .
At a  q u a rry  a t  P i t s t o n e ,  B u c k s . ,  th e  upper  p a r t  o f  th e  Lower 
Chalk and the  low er p a r t  of' th e  M iddle Chalk a re  exposed .  At th e  
to p  o f  th e  Lower Chalk th e  p lenus M arls  a re  w e l l -d e v e lo p e d .  I n  ' 
some p a r t s  o f  th e  q u a r ry  the  p lenus  M arls  occur a s  two d i s t i n c t  
m arl bands each  abou t 0 .15  ni, t h i c k ,  s e p a ra te d  by a band o f  h a rd e r  
and l e s s  fragm ented  c h a lk  about 0 .6  m. t h i c k ,  A number o f  s e t s
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o f  f r a c t u r e  p la n e s  have been re c o g n ise d  a t  t h i s  l o c a l i t y *  Two 
dominant f r a c t u r e  s e t s  a r e  o r i e n t a t e d  w ith  r e s p e c t  t o  one 
a n o th e r  and t o  one o f  th e  f a c e s  o f  th e  q u a r ry ,  i n  such a way as  
t o  g iv e  f r e q u e n t  wedge type  f a i l u r e s *  From measurement o f  two 
such  f r a c t u r e  p la n e s  t y p i c a l  s t r i k e s  o f  N82%1. and N20Hv. were 
o b ta in e d ,  w i th  d ip s  o f  7 2 ^ .  and 66%* r e s p e c t iv e ly *  The t r e n d  of 
th e  f a c e  i s N J b ^ *  F ig u r e  24 shows a p la n  o f  th e  r e s u l t i n g  wedge 
f a i l u r e .
The wedge f a i l u r e s  a f f e c t  ch a lk  b o th  above and below th e  
l e v e l  o f  the  p lenus  M a r l s .  Most o f  th e  s u r f a c e s  o f  th e  f r a c t u r e  
p la n e s  in v o lv ed  e x h i b i t  s l i c k e n s i d e s .  The s l i c k e n s i d e s  tend  t o  
be a l ig n e d  in  th e  d i r e c t i o n  o f  maximum d ip  su g g e s t in g  t h a t  
movement may have o ccu rred  a lo n g  th e se  p la n es  a t  some tim e in  
g e o l o g ic a l  h i s t o r y .  The f a c e  i s  some 7-10 m. h ig h  and th e  wedge 
f a i l u r e s  g e n e r a l ly  in v o lv ed  c h a lk  t o  a dep th  o f  5-5  m* below the  
s u r f a c e ,  but f a i l u r e s  in v o lv in g  th e  whole h e ig h t  o f  th e  face  have 
b een  observed  o c c a s i o n a l l y .
O b se rv a t io n s  a t  a q u a r ry  a t  A shw ell, H e r t f o r d s h i r e ,  have1
r e v e a le d  the  occu rrence  o f  wedge type  f a i l u r e s .  These d i f f e r  
from th e  wedge f a i l u r e s  re c o rd e d  a t  P i t s t o n e  in  t h a t  th e y  occur 
a lo n g  e x i s t i n g  f r a c t u r e  p la n e s  t h a t  i n t e r s e c t  a t  r i g h t  a n g le s ,  
and th e  p la n es  u s u a l l y  have much s t e e p e r  a n g le s  o f  d i p .  T y p ic a l  
f r a c t u r e  p la n e s  in v o lv e d  have s t r i k e s  o fH 45°^»  and Iff4 5 ^  * w i th  
d ip s  o f  7 4 ^ *  and 85°W . r e s p e c t i v e l y .  The wedge f a i l u r e  
in v o lv in g  th e s e  f r a c t u r e s  i s  shown in  P l a t e  V I I ,
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1 0  Frac+urc- 
W p la n e .:
■j? S+riKc. I > N4-S*W.w Bip
P la t e  M L . W edge. sliding failure, ("Hype £.Gr) a t ftshvoell, 
H e r tfo r d sh ir e .
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Or*£n+crtior» of face*N3Sa£.
Pi a n
Scale. *• approx. I: S O
E x p o s e d  s e c t i o n
,3 .2fr. P\ c\n and sec*tfon of potential wedge. sliding failure, 
at Pii^tone*, BuoVCs. ^
At t h i s  l o c a l i t y  f r a c t u r e s  have a l s o  been re c o rd e d  t h a t  do n o t  
c o n t r i b u te  t o  an  u n s ta b le  s i t u a t i o n .  T his  i s  because  o f  t h e i r  
o r i e n t a t i o n  w ith  r e s p e c t  to  t h a t  of th e  f a c e .  The f r a c t u r e s  form 
two i n t e r s e c t i n g  s e t s .  T y p ic a l  s t r i k e s  a re  N18%, and N45%. w i th  
d ip s  o f  74°E. and 84%. r e s p e c t i v e l y .  The s i t u a t i o n  a t  th e  q u a rry  
a t  Ashwell i s  a s  shown in  F ig .  25a . I f ,  however, th e  f a c e  o f  th e  
q u a r ry  had been  o r i e n t a t e d  a t  N45%*> th e s e  f r a c t u r e - p l a n e s  would 
i n t e r s e c t  i n  such a  way a s  to  make a wedge type  f a i l u r e  l i k e l y  ( F i g .  25b ) .
I n  November, 1971 a c u t t i n g  in  c h a lk  on th e  114 Motorway was 
in s p e c te d  p r i o r  to  th e  opening o f  th e  Motorway to  t r a f f i c .  The 
c u t t i n g  t o  th e  s o u th - e a s t  o f  Swindon exposes ch a lk  o f  t h r e e  main 
l i t h o l o g i e s .  Chalk w ith  w e l l - s p a c e d  f r a c t u r e s  i s  o v e r l a in  by a 
prom inent m arl band about 0 .2 - 0 .3  m. t h i c k ,  and t h i s  i s  o v e r l a in  
by w h ite  c h a lk  w ith  numerous f r a c t u r e s  im p a r t in g  a b locky  n a tu re  
t o  i t .  The c u t t i n g  has been c o n s t ru c te d  w i th  a v e r t i c a l  f a c e  of 
c h a lk  4 h ig h .  Above th e  f a c e ,  th e  c u t t i n g  i s  g ra s s e d  and 
in c l i n e d  a t  about 60° f o r  about a n o th e r  3 m, • .
1 .M easurements were made o f  f r a c t u r e  p la n es  m ain ly  i n  th e
n o r th e r n  f a c e  o f  th e  c u t t i n g  which appeared  t o  be th e  l e a s t  s t a b l e .
Some o f  th e  f r a c t u r e s  were found t o  have much lower d ip  a n g le s  
th a n  th o se  re c o rd e d  a t  many l o c a l i t i e s .  P ip  a n g le s  as  low as  50° 
were measured. When c o n s id e re d  i n  r e l a t i o n  to  the  t r e n d  o f  th e  
fa c e  o f  th e  c u t t i n g ,  two ty p e s  o f  f a i l u r e  were cons idered ,  t o  be 
p o s s i b l e .  P la n a r  t r a n s l a t i o n a l  s l i d i n g  f a i l u r e s  were tho u g h t t o  
be p o s s ib le  a lo n g  f r a c t u r e  p la n e s  t h a t  s t r i k e  in  d i r e c t io n s -  s i m i l a r
t o  t h a t  o f  the-j^cutting . The c u t t i n g  i s  o r i e n t a t e d  ap p ro x im a te ly  
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(a) Stable. slope.
(b) Unstable, slope. w\+b intersecting fractures.
Ficy2.5. Effect of dips of interseobncj fractures C\a4 orientation of slope- 
o n  s t a b i l i t y .
. 13S ' ;  . . . . . .  .-
Orienration of f a c e  
NJ*S&W.
Vs/ ~ voed^e-failure. 
poss'vUe.
with irvtersecbnc^-fro cfures
Orientation of f a c e  N<ioee..
H75°tf. and th e  f r a c t u r e  p la n e s  a lo n g  which f a i l u r e  cou ld  occur 
have s t r i k e s  o f ,  f o r  exam ple, N66°<V. a n d N 8 5 C^ « ,  w i th  d ip s  o f.
6 5 • and 50^  • r e s p e c t i v e l y .  Wedge s l i d i n g  f a i l u r e s  were 
th o u g h t  t o  he p o s s ib le  a lo n g  i n t e r s e c t i n g  f r a c t u r e  p la n e s  i n c l i n e d  tow ards 
th e  e x c a v a t io n .  T y p ic a l  s t r i k e s  f o r  th e s e  p la n es  a r e  H2 8 % , a n d N 4 0 cfe. 
w i th  d ip s  of 5 5 % . and 8 0 ^ .
When th e  fa c e  o f  th e  c u t t i n g  was seen  i n  March, 1975» wedge 
f a i l u r e s  had o c c u r re d .  The f a i l u r e s  appea red  t o  have been  o f  th e  
ex p ec ted  ty p e .  Most were r e l a t i v e l y  minor in v o lv in g  only  th e  upper 
p a r t  o f  th e  v e r t i c a l  f a c e  o f  exposed c h a lk .  P o t e n t i a l  wedge 
f a i l u r e s  have a l s o  been  observed  d u r in g  e x c a v a t io n  o f  a s lo p e  
a t  Lewes, S ussex . -
One k i lo m e tre  e a s t  o f  R oyston , H e r t f o r d s h i r e ,  th e  A505 ro a d ,  
p a s s e s  th ro u g h  a c u t t i n g  i n  c h a lk .  A lthough c h a lk  i s  exposed in  
p la c e s ,  th e  c u t t i n g  i s  w e l l  v e g e ta te d  w ith  s id e  s lo p e s  m ainly  o f  
30- 40°* At some tim e betw een 1914 and 1920 a l a n d s l i d e  o ccu rred  
w hich blo.cjked th e  o r i g i n a l  c u t t i n g  t h a t  e x i s t e d  a lo n g  t h i s  road  
(Crow, 1972) • The c u t t i n g  at. t h a t  tim e was much n arrow er and th e  
s id e s  s te e p e r*  The l a n d s l i d e  o r i g i n a t e d  from th e  n o r th e r n  s id e  o f  
th e  c u t t i n g .  M easurements o f  f r a c t u r e  p la n e s  were made i n  th e  
c h a lk  exposed a t  t h i s  l o c a l i t y .  However, th e  f r a c t u r e  p lan es  do 
n o t  ap p ea r  t o  be o r i e n t a t e d  i n  such  a  way a s  t o  g ive  r i s e  t o  
i n s t a b i l i t y .  The d i f f i c u l t y  o f  making r e l i a b l e  measurements i n  
th e  poor exposu res  a t  t h i s  l o c a l i t y  may accoun t f o r  no r e l a t i o n s h i p  
a p p a r e n t ly  e x i s t i n g  between f r a c t u r e  p la n es  and th e  known f a i l u r e .
L i t t l e  documentary ev idence  f o r  s i m i l a r  f a i l u r e s  in v o lv in g  in la n d
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c h a lk  s lo p e s  has been  found by th e  a u th o r .
At l o c a l i t i e s  where 1 p ip e s '  w i th  u n c o n s o l id a te d  m a te r i a l s  
e x te n d in g  down i n t o  th e  c h a lk  a re  exposed in  s t e e p  s lo p e s ,  th e  
u n c o n s o l id a te d  m a te r i a l s  u s u a l l y  s l i p  down a s  th e y  te n d  to  degrade 
more r e a d i l y  th a n  th e  c h a lk .  A lthough no t s t r i c t l y  f a i l u r e s  of 
c h a lk  th e s e  ' p ip e s '  a re  f e a t u r e s  so c l o s e l y  r e l a t e d  t o  th e  ch a lk  
t h a t  th e y  a re  co n s id e re d  w orthy  o f  exam in a t io n  a l s o .  The e f f e c t  
o f  th e  s l i p s  i s  t o  produce much more i r r e g u l a r  f a c e s  th a n  might 
o th e rw ise  e x i s t .  The p ip e s  may a l s o  p rov ide  ch an n e ls  a lo n g  
w hich w a te r  may perm eate more r e a d i l y  e s p e c i a l l y  i f  th e  i n f i l l i n g  
i s  sand a n d /o r  g r a v e l .  Examples o f  th e se  ' p i p e '  f a i l u r e s  have b een  
observed  a t  South Mimms, H e r t f o r d s h i r e ,  and Lenham, K e n t .
5 .5  D isc u s s io n
The i n v e s t i g a t i o n s  o f  n a t u r a l  in la n d  c h a lk  s lo p e s  which 
ap p e a r  t o  have been  s t a b l e  f o r  v e ry  many y e a r s  i n d i c a te d  t h a t  a 
s lo p e  ang le  o f  38° i s  upper l i m i t  f o r  s t a b i l i t y  under p re s e n t  
c l i m a t i c  c o n d i t io n s  in  B r i t a i n ,  Even s lo p e s  a t  t h i s  a n g le  may 
show s ig n s  o f  i n s t a b i l i t y  such as  t e r r a c e t t e 3  and sm a l l  hummocky 
s l i p s .  The e x a c t  upper l i m i t  f o r  th e  ang le  o f  s t a b i l i t y  p robab ly  
v a r i e s  somewhat depending  on th e  t h i c k n e s s  o f  s o i l  on th e  s lo p e ,  
e x t e n t  and type  o f  v e g e t a t i o n  co v er ,  g e o g ra p h ic a l  p o s i t i o n  and 
m ic ro c l im a te .  A ll c h a lk  s lo p es  s t e e p e r  th a n  38° must t h e r e f o r e  ' 
be r e g a rd e d  as  p o t e n t i a l l y  u n s t a b l e .
The ex am in a t io n  o f  th e  c o a s t a l  c h a lk  c l i f f s  showed t h a t  many 
o f  them a r e  a c t i v e l y  f a i l i n g ,  or a r e  u n s ta b le  o r  p o t e n t i a l l y  u n s t a b l e .
The dominant f a c t o r  c o n t r o l l i n g  f a i l u r e  of th e se  c l i f f s  was found
Ji5L]Le frhe f r a c t u r e s  p re s e n t  w i th in  jthe c h a lk ,  As a consequence a 
f i e l d  i n v e s t i g a t i o n  o f  th e  f r a c t u r e s  p r e s e n t  in  th e  Chalk was 
u n d e r ta k e n .  The r e s u l t s  a re  d e s c r ib e d  i n  d e t a i l  i n  C hapter 7*
The most common method o f  f a i l u r e  o f  th e  v e r t i c a l  o r  n ea r  
v e r t i c a l  c l i f f s  was found to  be p la n a r  f a i l u r e .  These f a i l u r e s  
in v o lv ed  movement o f  a mass o f  r o c k  c o n t r o l l e d  by a s in g le  f a i l u r e  
p la n e .  L a t e r a l l y  th e  f a i l u r e  would be l im i t e d  by o th e r  p r e - e x i s t i n g  
p la n e s ,  o r ,  i n  some c a s e s ,  f r a c t u r e  o f  th e  c h a lk  mass. The f i e l d  
ev idence  in d i c a te d  t h a t  most o f  th e s e  p la n a r  f a i l u r e s  occu rred  
m ain ly  a long  p r e - e x i s t i n g  f r a c t u r e s ,  A d e c i s iv e  f a c t o r  in  
d e te rm in in g  th e  type  o f  p la n a r  f a i l u r e  t o  occur was found to  be th e  
an g le  of i n c l i n a t i o n  o f  th e  p r e - e x i s t i n g  f r a c t u r e  p lane t h a t  i s  t o  
a c t  a s  th e  f a i l u r e  s u r f a c e .  Where th e s e  p la n e s  a re  in c l i n e d  a t  
a n g le s  o f  up t o  80-85° t o  th e  c o a s t  s l i d i n g  i s  dom inant, b u t  when 
th e  p la n e s  a re  i n c l in e d  a t  a n g le s  o f  80-90° t o  th e  c o a s t  ro c k  f a l l  
i s  dom inant. Most f r a c t u r e  s e t s  i n  th e  Chalk have been  found to  
have mean^dip a n g le s  o f  80-90° ( S e c t i o n  7*5) and t h i s  would seem 
t o  accoun t f o r  th e  f r e q u e n t  o ccu rren c e  of th e s e  s t e e p  p la n a r  
f a i l u r e s  i n  c h a lk  c l i f f s .
I n  Kent and Sussex th e  b edd ing  p la n es  d ip  a t  a n g le s  u s u a l l y  o f  
l e s s  th a n  10° , As a  consequence th e y  do no t e x e r t  s i g n i f i c a n t  
c o n t r o l  on th e  f a i l u r e  o f  c h a lk  c l i f f s .  However, i n  th e  I s l e  o f  
Wight th e  bedding  p la n es  a re  i n c l i n e d  a t  a n g le s  o f  6 5 - 7 0 ^ .  and 
th e y  a re  th e r e f o r e  a b le  t o  e x e r t  s i g n i f i c a n t  c o n t r o l  on th e  ty p e s  
o f  f a i l u r e  . t h ^  o c c u r , The j o i n t  p la n es  a re  u s u a l l y  n o t  v e r t i c a l
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as  th e y  f r e q u e n t ly  a r e  in  Kent and Sussex, b u t  in s t e a d  a r e  commonly 
in c l in e d  a t  a n g le s  o f  25 -7 0 ° .  As a r e s u l t  th ey  a l s o  te n d  t o  e x e r t  
a  d i f f e r e n t  p a t t e r n  o f  c o n t r o l  on f a i l u r e s .
S ince many o f  th e  dominant f r a c t u r e s  i n  th e  I s l e  o f  Wight a r e  
i n c l in e d  a t  a n g le s  o f  25- 70^ ,  t r a n s l a t i o n a l  and b lo c k  s l i d i n g  
f a i l u r e s  occur q u i t e  f r e q u e n t l y .  At W h i t e c l i f f  Bay and Alum Bay 
where th e  t r e n d  o f th e  c o a s t  i s  a lm ost p a r a l l e l  w ith  t h a t  o f  th e  
s t r i k e  o f  th e  bedding , th e s e  s l i d i n g  f a i l u r e s  occur a lo n g  th e  
bedd ing  p la n es  which d ip  tow ards  th e  c o a s t  a t  a n g le s  o f  65- 70^ ,
On th e  so u th  s id e  o f  Culver Down s l i d i n g  f a i l u r e s  ta k e  p lace  n o t  
a lo n g  th e  bedd ing  p la n e s  b u t  a lo n g  j o i n t  p la n es  t y p i c a l l y  d ip p in g  
seaw ards a t  3 0 - 5 0 ^  , F a i l u r e s  o c c u r r in g  a lo n g  such in c l in e d  p la n e s  
have a l s o  been observed  in  Man o’ War Cove and Durdle Cove in  D o rs e t ,  
The d i s t i n c t i o n  between a r e a s  o f  r e l a t i v e l y  sim ple g e o lo g ic a l  
s t r u c t u r e  and a r e a s  o f  more complex s t r u c t u r e  i s  c l e a r l y  v e ry  
im p o r ta n t  when c o n s id e r in g  th e  ty p e s  o f  i n s t a b i l i t y  l i k e l y  to  o c c u r .
Of th ^  ty p e s  o f  f a i l u r e  re c o g n ise d  by th e  a u th o r ,  two a rei
l i m i t e d  to  s lo p e s  which a re  b e in g  a c t i v e l y  eroded  a t  th e  b a s e .
These two ty p e s  o f  f a i l u r e  a re  in v e r t e d  b lo c k  rem oval and in v e r t e d  
wedge rem ova l.  Removal o f  ro c k  i n  t h i s  way o f t e n  produces 
i n s t a b i l i t y  i n  th e  rem a in d er  o f  th e  c l i f f  which may th e n  undergo ' 
one o f  th e  o th e r  modes o f  f a i l u r e .
The t e n s i o n - s h e a r  f a i l u r e  which has been r e c o g n is e d  by th e  
a u th o r  i s  b e l ie v e d  to  d i f f e r  fu n d am en ta l ly  from th e  o th e r  main
ty p e s  o f  f a i l u r e  d e s c r ib e d .  Whereas those  f a i l u r e s  a re  l a r g e l y
' \
c o n t r o l l e d  by p r e - e x i s t i n g  f r a c t u r e s ,  th e  t e n s i o n - s h e a r  f a i l u r e  
in v o lv e s  f r a c t u r e  o f  th e  i n t a c t  c h a lk .  Although f i e l d  work s u g g e s ts
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t h a t  i n i t i a l l y  th e  p o s i t i o n  o f  th e se  f a i l u r e s  may be in f lu e n c e d  
by p r e - e x i s t i n g  f r a c t u r e s ,  t h e r e  i s  adequa te  ev idence  to  i n d i c a t e  t h a t  
the  s h e a r  s u r fa c e  deve lops  a c ro s s  i n t a c t  c h a lk .  More d e t a i l e d  
a n a l y s i s  o f  th e se  f a i l u r e s  in v o lv e s  c o n s id e r a t io n  o f  th e  sh e a r  
s t r e n g t h  o f  th e  i n t a c t  c h a lk ,  w hereas a n a l y s i s  o f  th e  o th e r  ty p e s  
o f  f a i l u r e  r e c o g n ise d  u s u a l l y  r e q u i r e s  i n v e s t i g a t i o n  o f  th e  sh e a r  
s t r e n g t h  of th e  p r e - e x i s t i n g  f r a c t u r e s  a lo n g  which movement t a k e s  
p l a c e .  A study  o f  f r a c t u r e  s u r f a c e s  i n  th e  Chalk i s  d e s c r ib e d  i n  
C hapter 9*
I n  th o se  a r e a s  i n  which th e  s t r u c t u r a l  geo logy  i s  r e l a t i v e l y  
s im ple  (and. th e  d ip  o f  th e  bedd ing  i s  l e s s  th a n  25°) th e  most
common modes o f  f a i l u r e  have been found to  be p la n a r  and wedge
f a i l u r e s  in v o lv in g  c o n t r o l  by e x i s t i n g  f r a c t u r e s  i n c l i n e d  a t  a n g le s  
n o rm ally  ex ceed ing  65° and u s u a l l y  g r e a t e r  th a n  80° . I n  th e
t e n s io n - s h e a r  f a i l u r e s  examined, th e  lower p a r t  o f  th e  f a i l u r e
p la n e ,  which i s  co n s id e re d  to  have been th e  p roduc t o f  sh e a r  
f a i l u r e  o f  the  i n t a c t  c h a lk ,  has been  found t o  be i n c l i n e d  a t  an  
an g le  o f  6^-75° .  I f  65° i s  ta k e n  as  th e  minimum v a lu e  f o r  sh e a r  
f a i l u r e  o f  th e  i n t a c t  c h a lk ,  and few f a i l u r e s  have been  en co u n te red  
in v o lv in g  e x i s t i n g  f r a c t u r e s  w i th  d ip s  o f  l e s s  th a n  65°, t h a t  ang le  
would seem t o  be th e  normal lower l i m i t  f o r  major i n s t a b i l i t y  i n  
c h a lk  s lo p e s .  ' -
V e g e ta t io n  has been  observed  on s lo p e s  a s  s t e e p  as  65° .  At 
Dover a s lo p e  i n c l i n e d  a t  t h a t  a n g le ,  a l th o u g h  a p p e a r in g  r a t h e r  
u n s ta b l e ,  i s  p a r t l y  v e g e ta te d  w i th  g r a s s ,  sh rubs  and sm all  t r e e s .
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Slopes  s l e e p e r  th a n  about 65° do n o t appea r  to  su p p o r t  v e g e t a t i o n  
ex ce p t f o r  o c c a s io n a l  mosses and l i c h e n s .
S lopes  which have been  reduced  by major movement t o  a n g le s  of 
l e s s  th a n  65° would t h e r e f o r e  seem su b se q u e n tly  to  s u f f e r  on ly  
minor i n s t a b i l i t y ,  perhaps  r e s u l t i n g  from f r o s t  a c t i o n ,  w ith  a 
g ra d u a l  r e d u c t io n  i n  th e  an g le  o f  s l o p e .  Although th e  s tu d y  of 
n a t u r a l  c h a lk  s lo p e s  i n d i c a te d  t h a t  th e  upper l i m i t  f o r  s t a b i l i t y  
i s  abou t 38°, t h i s  may be somewhat m is le a d in g  s in c e  th e s e  s lo p e s  
were formed in  p a r t  under c l im a t i c  c o n d i t io n s  d i f f e r e n t  from th e  
p r e s e n t  c o n d i t i o n s .  Many o f  th e s e  s lo p e s  were i n i t i a t e d  or 
t r a n s f o r m e d . under g l a c i a l  a n d /o r  w e t t e r  c l im a te s  th a n  th o se  of 
th e  p r e s e n t .  Such r e l a t i v e l y  sev e re  c l im a t i c  c o n d i t io n s  p robab ly  
caused  more i n s t a b i l i t y  i n  s lo p e s  th a n  occurs  to d a y .  The numerous 
s o l i f l u c t i o n  d e p o s i t s  i n  c h a lk  a r e a s  i s  an example o f  t h i s .  Chalk 
s lo p e s  s t e e p e r  th a n  38° niay th e r e f o r e  perhaps be s t a b l e  under 
p r e s e n t  c l i m a t i c  c o n d i t io n s ,  and p o s s ib ly  even s lo p e s  a s  s te e p  a s  
6 5 ° .  C e r t a in ly ,  many q u a r ry  f a c e s  and c l i f f : . f a c e s  p r o te c te d  from sea  
e r o s i o n  appear  q u i t e  s t a b l e ,  even when v e r t i c a l .  These v e r t i c a l  
f a c e s  a r e  i n v a r i a b ly  i n  c h a lk  t h a t  i s  cu t by v e r t i c a l  j o i n t ’s on ly  
and i n  which th e  bedd ing  i s  h o r i z o n t a l  o r  n e a r l y  so .
I n  a r e a s  i n  which th e  s t r u c t u r a l  geology o f  th e  Chalk i s  more 
complex and th e  bedd ing  d ip s  a t  a n g le s  o f  more th a n  25° such as  
th e  I s l e  o f  Wight and D o rse t ,  th e  modes o f  f a i l u r e  have been  found 
t o  be more v a r i e d .  T h is  v a r i a t i o n  r e f l e c t s  th e  c o n t r o l  e x e r t e d  
by th e  f r a c t u r e  s e t s  which a r e  g e n e r a l l y  i n c l i n e d  a t  a n g le s  o f  
25- 70° .  The o ccu rrence  o f  prom inent co n t in u o u s  f r a c t u r e s  d ip p in g
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a t  about 30- 50^  • l e a d s  t o  f r e q u e n t  f a i l u r e s  a lo n g  th e s e  p la n es  
i n  s o u th  f a c in g  c o a s t a l  s lopes*  Thus th e  normal lower l i m i t  f o r  major 
i n s t a b i l i t y  o f  65° re c o g n is e d  in  a r e a s  of s im ple s t r u c t u r a l  geo logy  
i s  n o t  v a l i d  f o r  th e s e  more complex a r e a s .
The a u th o r  s u g g e s ts  t h a t  a c r i t i c a l  f a c t o r  may be th e  ang le  o f  
d ip  o f  th e  bedd ing  p la n e s  ( F i g .  26) . Where th e  ang le  o f  d ip  of 
th e  bedd ing  does n o t  exceed 25° f a i l u r e  by s l i d i n g  o r  ro c k  f a l l . i s  
e x tre m e ly  u n l i k e ly  t o  ta k e  p lace  a lo n g  th e se  p la n e s .  . The low est 
an g le  no ted  f o r  a f a i l u r e  p lane  by th e  a u th o r  i s  30° .  I f  th e  
a n g le  o f  d ip  o f  th e  bedd ing  i s  25° th e n  most f r a c t u r e  p la n es  w i l l  
be o r i e n t a t e d  a t  65°* assum ing t h a t  most j o i n t  f r a c t u r e s  a re
developed  p e rp e n d ic u la r  t o  th e  bedd ing  as has been shown by f i e l d
work ( c h a p t e r  7) • As has  a l r e a d y  been  sugges ted  65° i s  p robab ly  
th e  low er l i m i t  f o r  m ajor i n s t a b i l i t y  i n  a r e a s  o f  s im ple g eo lo g y .
For a r e a s  w i th  a d ip  o f  bedding o f  25° or l e s s  s lo p e  a n g le s  o f  up 
t o  65° a re  t h e r e f o r e  l i k e l y  t o  be r e l a t i v e l y  s a f e .
Wheije th e  an g le  o f  d ip  o f  th e  bedding  exceeds 25°  th e n  f a i l u r e
i -i s  p o s s ib le  a lo n g  th e  bedd ing  p la n e s  th e m se lv e s .  I n  a d d i t i o n ,  th e  
j o i n t  f r a c t u r e s  w i l l  be o r i e n t a t e d  a t  a n g le s  o f  l e s s  th a n  65°, 
a g a in  assum ing t h a t  most j o i n t  f r a c t u r e s  a re  developed  p e rp e n d ic u la r  
t o  th e  b ed d in g .  F a i l u r e  by s l i d i n g  w i l l  th e n  be p o s s ib le  a lo n g  
th e s e  j o i n t  p la n es  as  w e l l  a s  by s l i d i n g  a lo n g  th e  bedd ing  p la n e s ,  
a l th o u g h  th e  e x a c t  n a tu re  o f  th e  movement w i l l  be c o n t r o l l e d  by 
such  f a c t o r s  as  th e  d i r e c t i o n  of th e  p la n es  r e l a t i v e  to  th e  s lo p e ,  
and th e  n a tu re  and c o n t i n u i t y  o f  th e  f r a c t u r e s .  For a r e a s  w i th  a
d ip  of bedd ing  ex ceed in g  25° 0nIy  s lo p e  a n g le s  o f  25° or l e s s  a r e' \
l i k e l y  t o  be s t a b l e  i n  th e  lo n g - te rm .
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Vertical slope stable where bedding d ips  
towards 'fac.e at<S.S° and joints inclined 
inwards.
W h ere bedding dips -towards fa c e , a t
>2»S° sta b le  slope an^le coincides with 
th a t o f bedding.
S lop e sta b le  a t  an^ le o f up t o  4S ° where, 
bedding dips inwards aulosj from f* x e  <vf 
and joints inclined towards face.
W here bedding d ips inwards ewccy from  f a c e  a t
>aS° and jo in ts  outwards totoardsfcuue, stable slope 
Qn^jie coincides with -that o f jo in ts .
Ficj.2.6. Ejf&ct of bedding and join+ina on stability.
1«>
5 .6  C onclusions
(a )  The upper l i m i t  f o r  th e  lo n g - te rm  s t a b i l i t y  o f  n a t u r a l  
c h a lk  s lo p e s  i s  n o rm ally  abou t 28°.
(b) The fo l lo w in g  ty p e s  o f  f a i l u r e  may be r e c o g n ise d :
1 . P l a n a r  f a i l u r e s  A. T r a n s l a t i o n a l  s l i d i n g
B . B lo c k  s l i d i n g
C. I n v e r t e d  b lo c k  rem oval
D. T e n s io n -sh e a r
E. E ra c tu re  c o n t r o l l e d  ro c k  f a l l
P . I r r e g u l a r  r o c k  f a l l
2 .  Wedge f a i l u r e s  G. Wedge s l i d i n g
H . I n v e r t e d  wedge removal
3 .  Complex f a i l u r e s  I .  Complex s l i d i n g
4* S u p e r f i c i a l  f a i l u r e s  J ,  C i r c u la r  s l i p
K. Mudflow
5 . M isc e l la n e o u s  f a i l u r e s  L .  Swallow h o le  c o n t r o l l e d .
(c )  The dominant f a c t o r  c o n t r o l l i n g  f a i l u r e  o f  s t e e p  c h a lk  s lo p e s  
i s  ijhe o r i e n t a t i o n  o f  p r e - e x i s t i n g  f r a c t u r e s .
( a )  Where f a i l u r e  p la n e s  a r e  in c l in e d  a t  a n g le s  of up to * 80-85° 
s l i d i n g  i s  dom inan t.
(e )  Where f a i l u r e  p la n es  a r e  i n c l i n e d  a t  a n g le s  o f  80-90° ro c k  
f a l l  i s  dom inan t.
( f )  T e n s io n -sh e a r  f a i l u r e s  in v o lv e  sh ea r  f a i l u r e  o f  th e  i n t a c t  
c h a lk .
(g) Where th e  d ip  o f  th e  bedd ing  i s  l e s s  th a n  2 5 °  i n  a r e e s  of 
s im ple g e o l o g ic a l  s t r u c t u r e ,  s lo p e s  i n c l in e d  up to  65° may
i
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be r e l a t i v e l y  s t a b l e .
(h) Where th e  d ip  o f  th e  bedd ing  exceeds 25° i n  a r e a s  o f  complex 
g e o lo g ic a l  s t r u c t u r e ,  a l l  s lo p e s  s te e p e r  th a n  25° nijiy be 
p o t e n t i a l l y  u n s t a b l e .
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6. MOVEMENTS IN EXCAVATE!) SLOPES
6.1 I n t r o d u c t i o n
The exam ina t ion  o f  l i t e r a t u r e  on ro c k  s lo p e  s t a b i l i t y  rev ea led ,  
t h a t  no a t te m p ts  appea r  t o  have been made t o  i n v e s t i g a t e  in  d e t a i l  
what movements occur a t  th e  f a c e s  o f  e x c a v a t io n s  i n  r o c k .  To 
i n v e s t i g a t e  th e  e x t e n t  o f  s t r e s s  r e l i e f  in  new e x c a v a t io n s  and th e  
p o s s ib le  movements t h a t  might occur i n  s t e e p  s lo p e s ,  i n  s i t u  
measurements were a t t e m p te d .
The d e c i s io n  was ta k e n  t o  ex ca v a te  two t r i a l  p i t s ;  one b e in g  
i n  a sha ilow  s lo p e  where movements might be expec ted  t o  be sm a l l ;  
and th e  o th e r  in  a s t e e p  s lo p e  where movements might be g r e a t e r .
Much d i f f i c u l t y  was en co u n te red  i n  s e l e c t i n g  s u i t a b l e  s i t e s  and in  
o b ta in in g  p e rm is s io n  from landowners t o  excava te  th e  t r i a l  p i t s .  
E v e n tu a l ly  two s i t e s  were s e t t l e d ; ,  one a t  South  Mimms, H e r t f o r d s h i r e  
th e  o th e r  a t  P egsdon , B e d f o r d s h i r e .
S a t i s f a c t o r y  d a ta  was o b ta in e d  from th e  t r i a l  p i t  a t  South  
Mimms m ain ly  because  i t  was s i t e d  on p r iv a t e  la n d .  However, on ly  
l i m i t e d  dajta was o b ta in e d  from th e  t r i a l  p i t  a t  P egsdon . The p i tI
was lo c a te d  n e a r  a p u b l i c  r i g h t  o f  way and on s e v e r a l  o ccas io n s  i t  
was ' a t t a c k e d 1 by v a n d a l s .
6 .2  D e s c r ip t io n  of th e  s i t e s
6 .2 .1  South Mimms
The s i t e  s e l e c t e d  a t  South  Mimms was n e a r  t o  th e  C a s t le  Lime 
Y/orks Quarry (TL 228027) . T o p o g ra p h ic a l ly  th e  s i t e  i s  lo c a te d  a t  a 
h e ig h t  of abou t 100 m etres  on th e  w est s id e  o f  th e  sha llow  v a l l e y  of 
th e  Mimmshall ^jrook. The geology_and hydrogeology o f  th e  Mimmshall 
V a l le y  have been d e s c r ib e d  by Wooldridge and K i rk a ld y  (1937)«
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The q u a rry  exposes  v a ry in g  th ic k n e s s e s  o f  brown sand and 
r e d d i s h  brown sandy c la y s  o f  th e  Heading Beds o v e r ly in g  Upper 
Chalk . The th ic k n e s s  o f  the  Reading Beds i s  g e n e r a l ly  1 - 5  m e tre s .  
The base  o f  th e  Reading Beds i s  marked by th e  B u l l  Head Bed 
c o n s i s t i n g  o f  g la u c o n i te  s t a in e d  f l i n t s .  The upper s u r fa c e  of 
th e  c h a lk  i s  v e ry  i r r e g u l a r  and in  p la c e s  i s  b roken  by p ip e s .
The p ip e s  c o n ta in  v a r io u s  m ix tu res  o f  c la y ,  sand and g r a v e l .  They
o f t e n  ex tend  to  a dep th  o f  10 m, o r  more below th e  upper s u r fa c e  
o f  c h a lk .  I s o l a t e d  le n s e s  and f r a c t u r e  i n f i l l i n g s  o f  sand a n d /o r  
c la y  a l s o  occur a t  i n t e r v a l s  th ro u g h o u t th e  exposed f a c e  o f  c h a lk .  
The ch a lk  a t  t h i s  l o c a l i t y  has been  r e f e r r e d  t o  th e  low er p a r t  of
th e  zone o f  M ic r a s te r  coranguinum (K irk a ld y ,  1950).  The ch a lk  i s
exposed to  abou t 1 5 m* in  a v e r t i c a l  working f a c e .
The p i t  t o  be m onitored  was excava ted  ap p ro x im a te ly  50 m etres  
n o r th  o f  th e  working face  o f  the  q u arry  on land  s lo p in g  a t  2 -5°  
e a s tw a rd s .  The p o s s i b i l i t y  o f  th e  movements i n  the  t r i a l  p i t ,  and 
p a r t i c u l a r l y  th e  sou th  fa c e  o f  th e  p i t ,  b e in g  in f lu e n c e d  by th e
m entioned in  S e c t io n  6 .1 ,  th e  cho ice  o f  s i t e s  was l i m i t e d .  The 
nearby  q u a rry  d id  have th e  advan tage  o f  a l lo w in g  d e t a i l e d  
exam in a t io n  o f  th e  c h a lk  p re s e n t  in  th e  a r e a .
6 .2 .2  Peasdon
The s i t e  chosen a t  Pegsdon was in  th e  Pegsdon V a lle y  a t  a 
p o in t .a b o u t  1 km. so u th  o f  th e  v i l l a g e  (TL294119). The Pegsdon 
V a lle y  i s  a d ry  v g l l e y  cu t  in  th e  c h a lk  s c a r p .  The v a l l e y  has
much q u a r ry  was r e c o g n i s e d .  However, a s
150
s te e p  s id e  s lo p e s  and a l s o  a s t e e p  s o u th e rn  t e r m in a t io n .  The 
f l o o r  o f  th e  v a l l e y  i s  f l a t .  Sparks and Lewis (1957) have shown 
t h a t  t h i s  i s  caused by i n f i l l i n g .  They found t h a t  th e  i n f i l l  
c o n s i s t s  o f  a l a y e r  o f  ch a lk  r u b b le ,  up to  2 m, t h i c k ,  o v e r la in  
by a  l i g h t  brown ru b b ly  loam, a l s o  up t o  2m. t h i c k .  The ch a lk  
ru b b le  c o n s i s t s  o f  rounded p e l l e t s  and a n g u la r  fragm ents  of 
c h a lk  in  a m a tr ix  o f  f i n e l y  d iv id e d  c h a lk .  I t  o v e r l i e s  
w eathe red  ch a lk  g ra d in g  down i n t o  s o l id  c h a lk .  The l i g h t  brown 
ru b b ly  loam c o n s i s t s  o f  t o p s o i l ,  c h a lk  fragm ents  and g l a c i a l  
e r r a t i c s .  N ear th e  base  o f  th e  loam i s  a d a rk e r  l a y e r  w i th  
m o l lu sc s ,  and above t h a t  a pebble band . Sparks and Lewis 
su g g es t  t h a t  th e  f l a t n e s s  o f  th e  v a l l e y  f l o o r  may be due in  
p a r t  to  c u l t i v a t i o n ,  as  the  land  was ploughed d u r in g  th e  
1914-1918 w ar.  The p lough ing  would a l s o  tend  "to c u t  i n t o  th e  
bottom o f  th e  w aste  m antle on th e  s id e  s lo p e s  cau s in g  i n s t a b i l i t y  
and d ow nh ill  c r e e p .  Small s c a r s  do occur on th e  v a l l e y  s id e s  a t  
p r e s e n t .
The i j r i a l  p i t  was excava ted  on th e  e a s t e r n  s id e  o f  th e  
v a l l e y  nea!r t o  where th e  v a l l e y  changes d i r e c t i o n  from b e ing  
a l ig n e d  N.N.W. -  S .S .E .  t o  b e in g  a l ig n e d  N.N.E. -  S.S.W. The 
p i t  was s i t e d  ap p ro x im a te ly  8 m. above th e  f l o o r  o f  th e  v a l l e y ,  
and a t  an a l t i t u d e  o f  about 1 4 0 m.  A s lo p e  o f  26° was measured 
a lo n g  th e  v a l l e y  s i d e ,
6 .3  E xcava tion  o f  th e  t r i a l  p i t s
The t r i a l  p i t s  were hand dug, - Although in ten d ed  to  be 
c i r c u l a r  i n  p la n ,  t h i s  was found t o  be d i f f i c u l t  t o  ach iev e  in
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p r a c t i c e ,  and co n seq u en t ly  square  p i t s  were e x c a v a te d .  I n  p lan  
b o th  p i t s  y/ere 2 m etres  s q u a re .  The w a l l s  o f  th e  p i t s  were 
v e r t i c a l ,  as  measured w ith  a plumb l i n e .  The d ep th  o f  th e  p i t  
a t  South Mimms was 2 m. The p i t  a t  Pegsdon was ex cava ted  to  a 
d ep th  o f  1 *5nu.f a s  measured on th e  upper s id e  o f  th e  p i t .
E x ca v a tio n  to  dep ths  g r e a t e r  th a n  th e s e  would only  have been 
p o s s ib le  w i th  g r e a t  d i f f i c u l t y  and w i th  th e  e x p e n d i tu re  o f  a 
v a s t  amount o f  tim e and e f f o r t .
At b o th  s i t e s  wooden l i d s  were p ro v id ed .  At South Mimms 
r a b b i t s  were r e t r i e v e d ,  from th e  p i t  on two o cca s io n s  .and so 
th e  l i d  was g iv e n  a co v e r in g  o f  p o ly th e n e .
On com ple tion  o f  measurements th e  t r i a l  p i t  a t  Pegsdon
was f i l l e d  w ith  th e  c h a lk  t h a t  had been e x t r a c t e d .  The to p
s o i l  and tu s s o c k s  o f  g r a s s  were a l s o  c a r e f u l l y  r e p l a c e d .  On.
e x c a v a t io n  th e  ch a lk  and to p  s o i l  had been banked up on the
h i l l s i d e  w ith  some d i f f i c u l t y ,  r ead y  f o r  l a t e r  r e p la c e m e n t .
The t r i a l  |p i t  a t  South  Mimms i s  to  be f i l l e d  i n  th e  n e a r  f u t u r e .
»
6 .4  G eo lo g ica l  d e s c r i p t i o n  o f  th e  t r i a l  n i t s
6 .4 .1  South Mimms
The fa c e s  o f  th e  p i t  showed 0 .5  m. o f  ru b b ly  c h a lk  a t  th e  
t o p .  T h is  c o n s i s te d  o f  p ie c e s  o f  c h a lk ,  a v e ra g in g  25 mm. in  
d ia m e te r ,  s e t  in  a f i n e r  m a tr ix  o f  c h a lk ,  sand, c l a y  and f l i n t  
pebb les*  Two c a v i t i e s  were a l s o  p r e s e n t  in  t h i s  ru b b ly  chalk*
They were about 150 mm, a c r o s s ,  100 mm. h ig h  and 150 mm. in  d e p th .
th e jw e s t  w a l l  and th e  o th e r  i n  th e  so u th  w a l l .  They
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a re  presumably r a b b i t  burrow s, or have r e s u l t e d  from s o l u t i o n  o f  
th e  chalk#
Below th e  ru b b ly  l a y e r  th e  c h a lk  was w hite  and b lo c k y .
Most b lo c k s  had s id e s  o f  about 50 -  75 Most o f  th e  f r a c t u r e s
s e p a r a t i n g  th e  b lo ck s  were c lo s e d ,  a l th o u g h  a few were j u s t  open, 
up t o  a maximum of 1 mm# This c lo s e  f r a c t u r i n g  dec reased  downwards 
i n  th e  p i t  f a c e s .
A lthough th e  c h a lk  was f r a c t u r e d  some more prominent and 
e x te n s iv e  j o i n t  p la n es  were o b se rv ed .  These became more prominent 
tow ards th e  bottom o f  th e  p i t .  Below a d ep th  o f  about 1 .5  m. th e  
f r a c t u r e s  i n  th e  p i t  w a l l s  were m ainly o f  t h i s  type  and were some 
0 .15  “ 0 .5  m. a p a r t .  The o r i e n t a t i o n  o f  th e s e  p rim ary  f r a c t u r e s  
a t  t h i s  l o c a l i t y  have been  measured and th e  r e s u l t s  a r e  g iv en  in  
S e c t io n  7*4*1.
6 .4 .2  Pegsdon
The t r i a l  p i t  a t  Pegsdon exposed 0.1 m. o f  to p  s o i l  o v e r ly in g  
0 .1 5  m. ojf cha lky  s o i l .  B enea th  b locky  w h ite  ch a lk  was p r e s e n t .
The b lo c k s  were abou t 0 .1  m. i n  l e n g th  in  th e  d i r e c t i o n  p a r a l l e l  
t o  th e  bedd ing  p la n e s ,  and abou t 50 mm. in  h e ig h t .  The b locks  
tended  t o  i n t e r l o c k  w i th  one a n o th e r .  Some f r a c t u r e s  were open 
up to  2 mm. The i n t e n s i t y  o f  f r a c t u r i n g  d ec re ase d  dow m ards in  
th e  f a c e s  o f  th e  p i t .  Few prom inent j o i n t s  l i k e  th o se  observed in  
th e  t r i a l  p i t  a t  South Mimms, were p r e s e n t .
6 .5  In s t r u m e n ta t io n
A number j^>f methods were c o n s id e re d  f o r  m easuring th e  p o s s ib le
'  V
movements o f  the  w a l l s  o f  th e  t r i a l  p i t s .  These in c lu d ed  th e  use
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o f  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gauges, s t r e t c h e d  w ire s  and 
t r a n s d u c e r s .  An a t te m p t was made to  a t t a c h  e l e c t r i c a l  r e s i s t a n c e  
s t r a i n  gauges to  f r e s h l y  ex cava ted  f a c e s  o f  c h a lk .  The wet n a tu re  
o f  th e  ch a lk  made f i x i n g  o f  th e  s t r a i n  gauges d i f f i c u l t .  U sing  a 
"blow lamp sm all  a r e a s  of c h a lk  were d r ie d  s u f f i c i e n t l y  t o  a l low  
f i x i n g  w ith  an epoxy r e s i n ,  b u t ,  because  o f  th e  d i f f i c u l t y  o f  
u s in g  a blow lamp i n  th e  f i e l d  f o r  d ry in g  out th e  ch a lk  and f o r  
s o ld e r i n g ,  th e  use o f  s t r a i n  gauges was su b se q u en tly  abandoned.
The use of s t r e t c h e d  w ire s  and t r a n s d u c e r s  was d isco u n ted  
because  o f  c o s t ,  and a l s o  because  th e s e  in s t ru m e n ts  would have 
t o  rem ain  in  th e  p i t s  and could  be e a s i l y  tampered w ith  by 
v a n d a l s .  The l a t t e r  c o n te n t io n  was proved c o r r e c t  a t  l e a s t  in  
th e  case  o f  th e  t r i a l  p i t  a t  Pegsdon,
The method e v e n tu a l ly  adopted  was t h a t  o f  measurement between 
m arkers in  th e  excava ted  f a c e s  o f  th e  p i t s  u s in g  a removable ro d .  
The ro d  c o n s is te d  o f  an  a l l o y  tube  w ith  a  d i a l  gauge f ix e d  a t  one 
end, and sf s h o r t  rod  shaped to  a p o in t  a t  the  o th e r  end ( P l a t e  V I I I
and F igu re  2 7 ) .  N a i l s ,  150 mm. lo n g ,  p re v io u s ly  having  had t h e i r  
heads punched, were d r iv e n  i n t o  th e  s id e s  o f  th e  p i t s  a t  r e g u la r
n a i l s  i n  each  f a c e .  The n a i l s  were 150 mm, a p a r t  (F ig u re  28) .
Measurements were- made between p a i r s  o f  n a i l s  on o p p o s i te  s id e s
p la c in g  th e  p o in t  o f  th e  d i a l  guage 011 one n a i l  and th e  p o in t  a t
i n t e r v a l s .  The n a i l s  were p laced  in  v e r t i c a l  rows w ith  one row o f
o f  each  p i t  ( P l a t e  IX) . These measurements were c a r r i e d  out by
th e  o th e r Then th e  d i a l  gauge
re a d in g  was r e c o rd e d .  This  was r e p e a te d  f o r  each opposing s e t  o f
n a i l s .
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P la te . V 1 IF . I n s t r u m e n t  used fo r  m easurem ents a t tr ia l p'lts
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Plate- I S  . In s tr u m e n t  in u s e  a t  tr ia l p it a t  S o u th  M im m s, 
H e r t fo r d s h ir e ..
1S&
At each  tim e of  r e c o r d in g  th e  a i r  te m p era tu re  was measured to  
a l lo w  f o r  r e l a t i v e  expans ion  or c o n t r a c t i o n  o f  th e  a l l o y  tu b e .  The 
c o e f f i c i e n t  o f  l i n e a r  th e rm a l  ex pans ion  o f  th e  a l l o y  tube  was found 
by comparing measurements o f  th e  tube  a t  d i f f e r e n t  te m p e ra tu re s .
The c o e f f i c i e n t  o f  l i n e a r  th e rm al expans ion  was found to  be 
22 x 10~6/ ° C -  v a lu e  compares w e l l  w i th  t h a t  g iv e n  f o r  aluminium
i n  s ta n d a rd  r e f e r e n c e  w orks .  For each  s e r i e s  o f  r e a d in g s  w ith  the  
in s t ru m e n t  a c o r r e c t i o n  f o r  te m p era tu re  was t h e r e f o r e  a p p l i e d .  The 
c o r r e c t i o n  a p p l ie d  f o r  a d i f f e r e n c e  i n  te m p era tu re  o f  1°C was 
51.75 x 1(T5 m m ./b .
A te m p e ra tu re  c o r r e c t i o n  was n o t  a p p l ie d  f o r  th e  mild s t e e l  b a r
t h a t  composed the  p o in t e r  and th e  a t tach m en t f o r  .the  d i a l  gauge a t
th e  ends o f  th e  a l l o y  tu b e .  However, th e  e r r o r  in t ro d u c e d  i s
b e l ie v e d  to  be s m a l l .  The t o t a l  le n g th  o f  mild s t e e l  b a r  used in  .
th e  m easuring in s tru m e n t  i s  256 mm. I f  th e  c o e f f i c i e n t  o f  l i n e a r
th e rm a l  expans ion  o f  th e  m ild  s t e e l  i s  ta k e n  a s  11 x
(T h u rs to n ,  1951) th e  c o r r e c t i o n  f o r  th e  l a r g e s t  te m p era tu re
d i f f e r e n c e  E x p e r ie n c e d ,  t h a t  o f  11 . 8° b , would be only  3 x 10~2 mm.
«
A te m p e ra tu re  c o r r e c t i o n  was n o t  a p p l ie d  f o r  th e  n a i l s .
6 .6  R e s u l t s  o f  th e  measurements a t  th e  t r i a l  p i t s  a t  South Miiflms
6 .6 .1  I n t r o d u c t i o n
The t r i a l  p i t  was ex cav a ted  on the. 8th  and 9 t h O c tober ,  19719 
M easurements were commenced im m ediate ly  a f t e r  p lacem ent o f  th e  n a i l s  
fo l lo w in g  com ple tion  o f  th e  p i t  on 9 th  O c to b e r ,  Readings were ta k e n  
a t  weekly i n t e r v a l s  u n t i l  29t h  November, 1971> and th e n  a t  l e s s  
f r e q u e n t  i n t e r v a l s  u n t i l  29t h  J a n u a ry ,  1974*
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The movements reco rd ed  over t h i s  p e r io d  f o r  each w a l l  o f  th e  
p i t  a re  p lo t t e d  in  F ig u re s  29 and 50. The movement measured between 
each  p a i r  of n a i l s  has been a t t r i b u t e d  t o  movement o f  b o th  th e  
opposing  w a l l s ,  a l th o u g h  c l e a r l y  one w a l l  may have moved r e l a t i v e l y  
more th a n  th e  o th e r .  The method o f  measurement employed d id  n o t  
a l lo w  t h i s  t o  be d e te rm in e d ,  The t o t a l  movement re c o rd e d  between 
any p a i r  o f  n a i l s  was th e r e f o r e  d iv id e d  e q u a l ly  i n t o  two and each  
p a r t  o f  th e  movement was th e n  a t t r i b u t e d  to  a p a r t i c u l a r  w a l l .
Inw ard  movements o f  a w a l l  a re  c o n s id e re d  p o s i t i v e  and outward 
movements n e g a t iv e .
6 .6 .2  Observed movements o f  th e  n o r th  a n d .so u th  w a l ls  o f  th e  t r i a l  n i t
The l a r g e s t  movements occurred  in  the  upper p a r t  o f  th e  p i t  and
were p o s i t i v e .  The l a r g e s t  t o t a l  movement observed d u r in g  the  p e r io d
-2was one o f  + 434 x 10 mm. re c o rd e d  between th e  uppermost n a i l s ,  s e t  1.
- 2Much o f  t h i s  movement, +198 x 10 mm., occurred  over th e  f i r s t  week
o f  o b s e rv a t io n .  T h is  i n i t i a l  p o s i t i v e  movement was observed a l s o  in
s e t s  2 -  7> bu t th e  s i z e  o f  th e  movement dec reased  r a p i d l y  downwards.
S e ts  9 - 1 ^  showed a n e g a t iv e  movement over th e  f i r s t  week. The s i z e
o f  t h i s  n e g a t iv e  movement in c re a s e d  downwards. For example, f o r  s e t
-212 th e  movement was -45  x 10 mm.
These i n i t i a l  movements were fo llow ed  by a n e g a t iv e  movement
observed  f o r  a l l  s e t s  and r e a c h in g  a  minimum on 22nd November, 1971>
-2T his  movement was g e n e r a l ly  one of about -50  ^  10 mm.
From th e  l a t t e r  p a r t  o f  November 1971 u n t i l  March 1973 a g e n e ra l  
p o s i t i v e  movem< was r e c o rd e d .  No r e c o rd  i s  a v a i l a b l e  f o r  s e t  1 f o r
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th e  p e r io d  19th F eb ru a ry ,  1972 to  24t h  J u ly ,  1973. During t h i s  
p e r io d  a g i r d e r  was i n s t a l l e d  above th e  p i t  in  an  a t te m p t to  measure 
v e r t i c a l  d isp la cem e n ts  o f  th e  f l o o r  o f  th e  p i t  The p resence  o f  th e  
g i r d e r  p reven ted  measurement between th e  n a i l s  o f  s e t  1 • For th e
rem a in in g  s e t s  a h igh  p o s i t i v e  v a lu e  had been ach ieved  by March-May
1973.
T his  p o s i t i v e  movement was th e n  fo llow ed  by a n e g a t iv e  movement 
i n  M ay-July  19739 and th e n  a g e n e r a l  p o s i t i v e  movement re a c h in g  
a n o th e r  peak in  O c to b er  1973* This  was fo llow ed  by a d e c l in e  in  
November-December 1973> and a  f u r t h e r  r i s e  i n  J a n u a ry -F e b ru a ry  1974*
The more f r e q u e n t ly  th e  measurements were made th e n  th e  more 
e r r a t i c  th e  r e s u l t s  ap p ea r  t o  b e .  A lthough a s e r i e s  o f  th e se  
p o s i t i v e  and n e g a t iv e  movements were re c o rd e d ,  a l l  s e t s  e x h i b i t  a 
g e n e r a l  p o s i t i v e  t r e n d  over th e  p e r io d .
6 .6 .3  Observed movements o f  th e  e a s t  and w est w a l l s  o f  th e  t r i a l  n i t
The g e n e ra l  t r e n d  o f  r e s u l t s  f o r t h e e a s t  and w est w a l l s  i s
s i m i l a r  to j  t h a t  observed f o r  th e  n o r th  and sou th  w a l l s .  The l a r g e s t
movements occu rred  v /ith  th e  uppermost s e t  o f  n a i l s ,  and were p o s i t i v e
-2movements. The l a r g e s t  t o t a l  p o s i t i v e  movement was +255 x 10 mm. reco rd ed  
f o r  s e t  1 . As in  th e  case  o f  th e  n o r th  and so u th  w a l l s ,  a l a rg e  movement,
p92 x 10“ mm., occu rred  i n  th e  f i r s t  week of  o b s e rv a t io n .  During th e  
f i r s t  week fo l lo w in g  e x c a v a t io n  t h i s  i n i t i a l  p o s i t i v e  movement was 
a l s o  reco rd ed  f o r  s e t s  2- 5 , w i th  th e  s i 2e o f  th e  movement d e c re a s in g  
r a p i d l y  downwards. Set 6 showed a n e g a t iv e  movement over th e  f i r s t  
week, w h ile  s e t s  7 - 1 2  tended  to  rem ain  c o n s ta n t .
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U n lik e  th e  n o r th  and so u th  w a l l  movements,' th e  l a r g e s t  i n i t i a l  
p o s i t i v e  movements were re c o rd e d  f o r  s e t s  1 - 5  two or th r e e  weeks 
a f t e r  e x c a v a t io n  of th e  p i t*  The i n i t i a l  movements were fo llow ed , 
l i k e  th e  n o r th  and so u th  w a l l  movements, by a n e g a t iv e  movement 
observed  f o r  a l l  s e t s  and re a c h in g  a minimum on 22nd or 29th
nNovember, 1971* T h is  movement was g e n e r a l l y  about -50 x 10 mm.
'3 As w i th  th e  n o r th  and so u th  w a l l s ,  a g e n e ra l  p o s i t i v e  movement 
was r e c o rd e d  between the  l a t t e r  p a r t  o f  November 1971 and March 1975* 
No r e c o r d  i s  a v a i l a b l e  f o r  s e t  1 f o r  th e  p e r io d  19 th  F ebruary ,  1972 
t o  2 4 th  J u ly ,  1973, f o r  th e  same r e a s o n  a s  g iv e n  f o r  th e  n o r th  and 
so u th  w a l l  s e t  1 i n  S e c t io n  6 * 2 .2 .  For th e  rem a in ing  s e t s  t h i s  . 
p o s i t i v e  movement reac h ed  a peak in  March-May 1975* This was 
fo llow ed  by a n e g a t iv e  movement in  M ay-Ju ly  1975, and th e n  a 
g e n e r a l  p o s i t i v e  movement r e a c h in g  a n o th e r  peak in  O ctober 1975.
For most s e t s  t h i s  was fo llow ed  by a n e g a t iv e  movement in  November 
1975 and a n o th e r  p o s i t i v e  movement i n  December 1973-F ebruary  1974-
As in  the.^case o f  th e  n o r th  and so u th  w a l l  movements, th e  more 
fre<paently  th e  measurements were made th e n  th e  more e r r a t i c  t h e ,  
movements appear t o  b e .  N e v e r th e le s s  a l l  s e t s  e x h i b i t  a  g e n e ra l  
p o s i t i v e  t r e n d  over the  p e r io d .
6 .7  R e s u l t s  o f  th e  measurements a t  th e  t r i a l  p i t  a t  Pegsdon
6 . 7.1 I n t r o du c t io n
The t r i a l  p i t  Y/as ex cav a ted  on th e  25t h  May, 1972* Due to  
u n fo re se e n  c i rc u m stan c es  measurements could  no t be commenced u n t i l  
1 s t  J u n e ,  1972. T h is  i s  co n s id e re d  to  be a major drawback s in c e  
any i n i t i a l  movemenila. of th e  w a l l s  o f  th e  p i t  were no t m easured.
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Readings were ta k e n  a t  i n t e r v a l s  u n t i l  1 s t  March 1973*
The movements re c o rd e d  over t h i s  p e r io d  f o r  each  w a l l  o f  the  
p i t  a re  p lo t t e d  i n  F ig u re  J 1 • As in  th e  case  of the  t r i a l  p i t  a t  
South  Mimms, th e  t o t a l  movement re co rd ed  between any p a i r  o f  n a i l s  
has  been d iv id e d  e q u a l ly  i n t o  two p a r t s  and each  p a r t  o f  th e  
movement a t t r i b u t e d  t o  a p a r t i c u l a r  w a l l .  Inw ard movements of a 
w a l l  a r e  c o n s id e re d  p o s i t i v e  and outv/ard movements n e g a t iv e ,
Numerous gaps occur i n  th e  r e c o rd s  as  a r e s u l t  o f  th e  a t t a c k s  
on th e  p i t  by v a n d a l s .  With n a i l  s e t  2 o f  th e  north^-south  w a l ls  
a  new s e t  o f  n a i l s  had to  be i n s t a l l e d  and r e a d in g s  recommenced 
on JOth Ju n e ,  1972, With n a i l  s e t s  5 and 7 o f  the  e a s t -w e s t  w a l l s  
new s e t s  o f  n a i l s  had to  be i n s t a l l e d  and r e a d in g s  recommenced on 
1 0 th  J u l y ,  1972. A major d i s r u p t i o n  o f  the  p i t  by v a n d a ls  
p rev en ted  many re a d in g s  on 1 s t  March, 1973* The d e c i s io n  was th e n  
ta k e n  to  s to p  any f u r t h e r  r e c o r d in g  a t  t h i s  s i t e .
<£•.■7*2 Observed movements
The observed movements a re  i r r e g u l a r .  However, t h i s  must be 
p a r t l y  du l t o  th e  d i s c o n t i n u i t i e s  i n  the  s e r i e s  of r e a d i n g s .  The 
p o s s i b i l i t y  a l s o  e x i s t s  t h a t  any la rg e  p o s i t i v e  movements in  th e  
week im m ediate ly  a f t e r  e x c a v a t io n ,  l i k e  th o se  observed a t  South 
Minims, may have been missed c o m p le te ly .  N e v e r th e le s s ,  th e r e  i s  
a  g e n e ra l  tendency  f o r  a p o s i t i v e  movement t o  have occurred  in  
June  1972. This i s  th e n  fo llow ed  by a n e g a t iv e  movement w i th  or 
w ith o u t  a subsequen t p o s i t i v e  movement.
The l a r g e s t  p o s i t i v e  movements occurred  a t  s e t  2 o f  the  n o r th  
and s o u th  w a l l l xand s e t  2 o f  th e  e a s t  and w est w a l l s .  Movements
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tfecotded f o r  th e  s e t s  p laced  in  th e  lower p a r t  o f  th e  p i t  tend  t o  
be n e g a t iv e .  F in a l  o b s e rv a t io n s  a t  a l l  f i v e  s e t s  i n  th e  n o r th  and 
so u th  w a l l s  a re  n e g a t iv e .  F in a l  o b s e rv a t io n s  a t  th r e e  o f  th e  
seven  s e t s  in  th e  e a s t  and w est w a l l s  a re  p o s i t i v e ,
6 .7 .3  Ex p e r im e n ta l  f a i l u r e  o f  w a l l  o f  t r i a l  n i t
A f te r  th e  d e c i s io n  in  March, 1973 to  cease f u r t h e r  measurements 
a t  th e  t r i a l  p i t  a t  Pegsdon, an  a t te m p t  was made t o  induce f a i l u r e  
o f  one o f  th e  w a l l s  o f  the  p i t .  I n  May, 1975» th e  e a s t  w a l l  o f  th e  
p i t  was undercu t a t  th e  base  f o r  a d i s ta n c e  o f  0 ,5  m. ( F i g .  32a) . 
When in s p e c te d  in  J u l y  o f  t h a t  y e a r  th e  w a l l  s t i l l  appeared  s t a b l e .  
The w id th  o f  th e  u n d ercu t  b lo c k  was th e n  reduced  in  w id th  t o  0 .75  ro. 
and was s e p a ra te d  l a t e r a l l y  by e x c a v a t io n  f o r  a d i s t a n c e  o f  0 .5  m. 
back  from th e  fa c e  on each  s id e  ( F i g .  3 2 b ) , V e g e ta t io n  was a l s o  
removed from i t s  upper s u r f a c e .  Thus, th e  b lo c k  was a d jo in e d  t o  
n e ig h b o u rin g  c h a lk  only  a t  th e  r e a r .  The b lo c k  s t i l l  appeared  
s t a b l e .
W hen '• | 'is ited  i n  O c to b e r ,  1973 f a i l u r e  had o c c u r re d .  The b lo c k  
< • 
had c o l la p s e d  i n t o  th e  p i t .  The r e l a t i v e  f r e s h n e s s  o f  th e  f a i l e d
c h a lk  and t h a t  o c c u r r in g  on th e  f a i l u r e  p lane su g g es ted  t h a t  th e
f a i l u r e  had ta k e n  p lace  v e ry  r e c e n t l y .  The f a i l u r e  s u r f a c e  showed
in d i c a t i o n s  o f  s h e a r in g  of th e  i n t a c t  c h a lk .  Wedge-shaped masses
o f c h a lk  w ith  upper s u r f a c e s  i n c l i n e d  downwards were p re s e n t  in  th e
w a l l  o f  th e  p i t .  Loose p ie c e s  of c h a lk  and powdered ch a lk  were
p re s e n t  on th e  s u r f a c e s .  The ch a lk  beh ind  th e  f a i l u r e  su r fa c e
was ex trem ely  w e t.
X
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The d ip  o f  the  upper s u r f a c e s  o f  the  wedge-shaped masses was 
m ain ly  45° NiW. The d ip  o f  th e s e  p la n es  d id  n o t  co rrespond  to  
t h a t  o f  any o f  th e  f r a c t u r e s  measured in  th e  t r i a l  p i t  p r i o r  t o  
th e  ex p e r im e n ta l  f a i l u r e .  These p la n es  a r e  t h e r e f o r e  co n s id e red  
t o  have been  formed as  a r e s u l t  o f  th e  f a i l u r e .  However, th e  
c h a lk  in  th e  w a lls  o f  th e  p i t  b e fo re  f a i l u r e  was b lo ck y  ( s e e  
S e c t io n  6 . 4 . 2) and th e  s i z e  o f  th e  wedge-shaped b lo ck s  a f t e r  
f a i l u r e  was found t o  be s i m i l a r  t o  t h a t  o f  th e  b lo c k s  p r i o r  to  
f a i l u r e .  The b lo c k s  a d ja c e n t  t o  th e  f a i l u r e  p lane  had presumably 
b een  p u l le d  downwards d u r in g  movement of th e  f a l l i n g  mass of c h a lk .  
Some f r a c t u r i n g  o f  th e  i n t a c t  c h a lk  form ing th e  b lo c k s  may have 
o ccu rred  t o  produce th e  p ie c e s  o f  c h a lk  and powder l e f t  on th e  
f a i l u r e  s u r f a c e .
The in t e r l o c k i n g  of t h i s  b locky  c h a lk  a p p ea rs  t o  make i t  
e x tre m e ly  s t a b l e  a t  l e a s t  in  s lo p e s  only  a metre or so in  h e ig h t .  
No f r o s t  o ccu rred  d u r in g  th e  p e r io d  o f  th e  experim ent b u t  h igh  
r a i n f a l l  (55 mm*) was ex p e r ien ced  in  th e  l a s t  two weeks o f  
September,! and th e  f a i l u r e  may have ta k e n  p lace  a t  t h a t  t im e .
6 . 8  I n v e s t i g a t i o n  of p o s s ib le  causes  o f  movements observed in  th e  
t r i a l  p i t s
6 .8 .1  I n t r o d u c t i o n
As a  consequence o f  th e  d i f f i c u l t i e s  ex p e r ien ced  a t  th e  t r i a l  
p i t  a t  Pegsdon no a t te m p t has been  made to  e x p la in  th e s e  r e s u l t s  
i n  d e t a i l .  The r e s u l t s  from th e  t r i a l  p i t  a t  South  Mimms a re  
c o n s id e re d  t o  be r e l i a b l e  a l th o u g h  th e re  a r e  so u rces  o f  e r r o r  
r e s u l t i n g  from th e  method o f  measurement adop ted  and from th e
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g e n e ra l  d i f f i c u l t i e s  o f  making in  s i t u  measurements.
Two main a s p e c t s  o f  th e se  r e s u l t s  r e q u i r e  e x p la n a t io n :
(a)  th e  g e n e ra l  t r e n d  f o r  movement o f  th e  f a c e s  o f  the  
p i t  tow ards  th e  excava tion?  and
(b) th e  i r r e g u l a r  n a tu re  o f  th e  movements over th e  
p e r io d  o f  measurement.
A number o f  p o s s ib le  causes  f o r  th e  observed  movement may be 
c o n s id e re d .  These a re :  ( l )  s t r e s s  r e l i e f ;  (2) movements a long  
f r a c t u r e  p la n e s ;  ( 3) th e rm a l  e x p a n s io n /c o n t ra c t io n ?  ( 4) m o is tu re ;
( 5) ground w a te r  l e v e l s ;  (6) f r o s t ;  ( 7) b i o l o g i c a l  f a c t o r s ,
6 .8 ,2  S t r e s s  r e l i e f
Removal o f  th e  ro c k  from th e  p i t  r e s u l t s  i n  removal o f  p a r t  
o f  th e  load  on th e  su rro u n d in g  r o c k .  As a consequence r e l a x a t i o n  
o f  th e  su r ro u n d in g  ro c k  occurs  w i th  an  a s s o c ia t e d  d e c re ase  in  th e  
s t a t e  o f  s t r e s s  i n  th e  ro c k  mass. The r e l a x a t i o n  i s  ex p re ssed  as 
an inward movement of th e  p i t  w a l l s  ( F ig .  33)
E m e ry j( l966) has su g g es ted  t h a t  t h e r e  a re  two c o n s t i t u e n t  p a r t s1
t o  t h i s  r e l a x a t i o n :  an  immediate e l a s t i c  rebound, l a r g e l y  vo lum etr ic?  
and a tim e-dependen t e f f e c t .  The t im e-dependen t r e l a x a t i o n  commences 
i n  th e  new s u r fa c e  and th e n  a f f e c t s  ro c k  g r a d u a l ly  f u r t h e r  away from 
th e  f a c e ,  bu t w i th  g r a d u a l ly  d e c re a s in g  e f f e c t .
Large inward movements o f  th e  w a l l s  o f  th e  t r i a l  p i t  were 
r e c o rd e d  im m ediately  fo l lo w in g  e x c a v a t io n .  I n  th e  upper p a r t  o f  th e  
p i t  w a l l s  th e s e  inward movements were about 0 .5  mm. -  2 .0  mm. They 
o ccu rred  d u r in g  th e  f i r s t  week o f  e x c a v a t io n .  Since th e  tim e i n t e r v a l  
i s  so  s h o r t ,  p ro c e s s e s  dependent on c l im a t i c  f a c t o r s  would have had
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F i0 .3 3 . S t r e s s  reli e f  a s  a  possible* cau^e. of movwaenf of* uialU of trial
Ficj34-. Movement alon^ a 'fracture, as a  possible, cause.of movement 
of ooalW of trial pit*.
i n s u f f i c i e n t  time t o  o p e ra te  e f f e c t i v e l y .  During t h a t  week no 
f r o s t  was reco rd ed  a l th o u g h  some r a i n f a l l  o c c u r re d .  The a u th o r  
t h e r e f o r e  c o n s id e r s  t h a t  t h i s  movement i s  p robab ly  due to  
r e l a x a t i o n  o f  the  ch a lk  form ing th e  w a l l s  o f  th e  p i t .
6 .8 .3  Movements a lo n g  f r a c t u r e  p lanes
Movement may occur a long  f r a c t u r e  p la n es  exposed in  th e  p i t  
w a l l s .  E x posu re -o f  p la n e s  d ip p in g  in t o  th e  e x c a v a t io n  and 
rem oval o f  s u p p o r t in g  ro c k  may i n i t i a t e  movement of th e  ro c k  
o v e r ly in g  th e se  p la n e s  ( F i g .  3 4 ) .
To in v e s t i g a t e  th e  p o s s i b i l i t y  o f  movement a long  con t inuous  
f r a c t u r e s  exposed in  th e  w a l l s  o f  th e  t r i a l  p i t ,  d ip  and s t r i k e  
measurements were made of a l l  such f r a c t u r e s  t h a t  were p r e s e n t .  
S ep a ra te  measurements were made f o r  each  w a l l  o f  th e  p i t .  The 
f r a c t u r e s  observed a re  shown p l o t t e d  s t e r e o g r a p h ic a l l y  in  F ig .  35• 
The p a t t e r n  formed by th e s e  f r a c t u r e s  i s  d is c u s s e d  in  Chapter 7 .
The m a jo r i ty  o f  f r a c t u r e s  s t r i k e  e i t h e r  n o r th -w e s t  or so u th ­
e a s t ,  b u t  -^>nly in  th e  e a s t  w a l l  of th e  p i t  a r e  b o th  ty p e s  o f
if r a c t u r e s  observed ( F ig .  36) . I n  th e  e a s t  w a l l  th e s e  two * 
f r a o t u r e s d i r e c t i o n s  b o th  have d ip s  in c l i n e d  tow ards  th e  p i t .
I n  th e  west w a l l  b o th  ty p e s  o f  f r a c t u r e s  d ip  away from th e  f a c e .  
The n o r th  and so u th  w a l l s  each  have one type  o f  f r a c t u r e  d ipp ing -  
tow ards th e  p i t  and one away from i t .  The e a s t  w a l l  would 
t h e r e f o r e  appea r  t o  be th e  most s u s c e p t i b l e  t o  movement a iong  
f r a c t u r e  p la n e s .
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F»cj.3S(a). S+e,re.o^ram o f f r a c tu r e s  observed  in exist wall o f  t r i a l  p i t  a t  
SoutK  M imm-s.
N-
W.
Fi^.35(b),Stere.ogram of 'fractures observ/exl tnwes"tvja\l of trial pit at 
S ou tK  Mircvns. 175
Ficy35(c)* Sterc-o^ram of fractures observed in north wall of trial p it at 
South Mimms.
Fi^35(d).Stereo^ram of fractures observed in south wall of trial pVt at 
South Mimms.
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Fio^36. Main -fracture- orientations in relation to walls of trial at South Mi mens
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6 .8 .4  Thermal e x p a n s io n / c o n t r a c t io n
Two e f f e c t s  a re  p o s s ib le  as  a consequence o f  tem p era tu re  changes: 
(a )  v o lu m e tr ic  changes caused by th e rm a l expans ion  
and c o n t r a c t i o n  of  th e  chalk? and 
(D) f r a c t u r i n g  o f  th e  c h a lk  a s  a  consequence of th e  
r e l a t i v e  expansions  and c o n t r a c t i o n s ’.
There i s  l i t t l e  p u b l ish e d  ev idence  a v a i l a b l e  a s  t o  th e  ex ac t  
e f f e c t  o f  th e rm al changes on r o c k .  Thermal expans ion  caused by 
te m p era tu re  changes o f  a t  l e a s t  300°C . may e x e r t  s u f f i c i e n t  f o r c e s  
t o  s h a t t e r  ro c k ,  and tem p era tu re  changes may cause enough 
d i f f e r e n t i a l  movement amongst s to n e s  to  cause them to  move downslope 
( s e e ,  f o r  example, Carson and K irk b y ,  1972). Carson and K irkby  (1 9 7 2) 
have a l s o  r e f e r r e d  t o  th e  d is p u te d  im portance of the rm al changes a s  
a cause o f  ro c k  w e a th e r in g .  N e v e r th e le s s ,  th e  a v a i l a b l e  ev idence  
i n d i c a t e s  t h a t  th e  te m p e ra tu re  range  a t  th e  t r i a l  p i t  a t  South Mimms 
i s  i n s u f f i c i e n t  f o r  th e rm al changes a lo n e  to  cause f r a c t u r i n g  o f  th e  
c h a lk .
There must be ,  however, a  r e l a t i v e  expans ion  and c o n t r a c t i o n  of 
th e  c h a lk  su rro u n d in g  th e  e x c a v a t io n  due to  te m p era tu re  changes.  To 
in v e s t i g a t e  t h i s ,  e f f e c t  a l a b o r a to r y  s tu d y  was u n d e r ta k e n .  Dry co res  
o f  c h a lk  (m o is tu re  c o n te n t  Ofo) were e x t r a c t e d  from a b lo c k  sample of 
c h a lk  o b ta ined  from th e  q u a rry  a t  South Mimms a d ja c e n t  t o  th e  t r i a l  
p i t .  A part from th e  m o is tu re  c o n te n t ,  th e  c h a lk  composing th e  c o re s  
was s im i l a r  to  t h a t  exposed i n  th e  c e n t r a l  p a r t  o f  th e  w a l l s  o f  th e  
t r i a l  p i t .  The co re s  o f  c h a lk  were th e n  s u b je c te d  t o  two c y c le s  of
The r e s u l t s  a re  g iv e n  in  Table I I I .
' \
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Table I I I .  R e s u l t s  o f  f r e e z e - th a w  t e s t s  on d ry  co re s  o f  ch a lk
C o n tra c t io n  in  l e n g th  (mm.) a s  
Tem perature compared v /ith  o r i g i n a l  l e n g th
- Core 1 Core 2
S t a r t 16 0 .0 0 0 .0 0
Cycle 1 Day 1 -9 0 .07 0 ,0 7
Day 2 16 0 .02 0.02
Cycle 2 Day 1 -9 0 .0 8 0 .0 8
Day 2 16 0 .03 0 .0 3
L eng th  o f  each  co re : 7 6 .0  mm.
D iam eter o f  each  co re :  76 .0  mm.
Each cyc le  c o n s i s te d  o f  one day a t  a tem p era tu re  o f  16°C. and one
day a t  a te m p era tu re  o f  - 9 ^ •  H s in g  th e  r e s u l t s  from cy c le  1 o f
th e se  t e s t s  a th e rm a l  c o e f f i c i e n t  o f  l i n e a r  expans ion  o f  36.39  x 10",^ / Cb*
i s  o b ta in e d ,  and u s in g  th e  r e s u l t s  from cy c le  2 a v a lu e  o f  ■
—6 o25*98 x 10“ /  C. No p u b lish e d  v a lu e s  f o r  th e  c o e f f i c i e n t  f o r  c h a lk  
have been  ifound,
—6  CL.Duncan ( 1 969) g iv e s  a g e n e r a l  v a lu e  o f  1 .3  x 10” / C  • f o r  th e  
c o e f f i c i e n t  o f  th e rm al expans ion  o f  c a lc a re o u s  ro c k s  b u t  comments 
t h a t  a c t u a l  v a lu e s  f o r  p a r t i c u l a r  ' samples may v a ry  c o n s id e r a b ly .
He a l s o  n o te s  t h a t  c a lc a re o u s  ro ck s  have th e  low es t v a lu e s  o f  th e  
c o e f f i c i e n t .  •
For a  te m p era tu re  range  o f  0 - 8 0 ^ . ,  B en o i t  ( i n  Fowle, 192l)
g iv e s  th e  fo l lo w in g  c o e f f i c i e n t s  o f  th e rm al expans ion  f o r  I c e l a n d
-6Spar: p a r a l l e l  t o  c r y s t a l  a x i s  26.31 x 10“ / o . ?  and p e rp e n d ic u la r
t o  c r y s t a l  a x i s  5*44 x 10’ ^ ,  The v a lu e  o f  26.31 x 1 0 - 6 / ° c #
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s i m i l a r  t o  t h a t  o b ta in e d  by th e  a u th o r  u s in g  th e  r e s u l t s  from 
cy c le  2 .  The r e l a t i v e l y  h ig h  v a lu e  o b ta in ed  by th e  a u th o r  may 
be due t o  th e  a b s o r p t io n  o f  some w ater  by th e  samples d u r in g  
t e s t i n g ,
6 ,8 .5  M ois tu re
Two e f f e c t s  r e s u l t i n g  from m ois tu re  which may be r e s p o n s ib le
f o r  movements o f  th e  w a l l s  o f  th e  t r i a l  p i t  a re :
(a )  w e t t in g  and d ry in g  o f  th e  c h a lk ;  and
o>) rem oval o f  lo o se  c h a lk  a t  th e  s u r fa c e  or w i th in  th e
mass by w a te r ,
(a )  W etting  and d ry in g  o f  th e  c h a lk
The c h a lk  i n  th e  f a c e s  o f  th e  p i t  was observed to  be m oist 
th ro u g h o u t  th e  y e a r .  T e s t s  on samples o b ta in ed  from th e  p i t  
showed t h a t  th e  m o is tu re  c o n te n t  o f  th e  c h a lk  i s  u s u a l l y  26-25^. 
The s a t u r a t i o n  m o is tu re  c o n te n t  o f  th e  c h a lk  was found to  be 
29- 32fom T^ ie m o is tu re  c o n te n t  o f  th e  ch a lk  i n  th e  w a l l s  o f  th e  
p i t  i s  th e r e f o r e  a t  o r  c lo s e  t o  th e  s a t u r a t i o n  v a lu e .
When observed a f t e r  p e r io d s  o f  d ry  w ea the r  th e  c h a lk  a t  th e  
s u r f a c e s  o f  th e  p i t  w a l l s  had. d r ie d  out c o n s id e ra b ly ,  b u t  th e  
c h a lk  a t  a d i s t a n c e  o f  on ly  0.1 -  0 .2  ra. beh ind  th e  f a c e s ,  was 
s t i l l  v e ry  w e t , .  S i g n i f i c a n t  changes o f  moisture, c o n te n t  do 
t h e r e f o r e  occur a t  th e  f a c e s  a s  a r e s u l t  o f  wet o r  d ry  p e r io d s  
o f  w e a th e r .  These changes a r e  n o t ,  however, tho u g h t t o  occur 
i n  th e  ch a lk  g e n e r a l ly ,  which would seem to  be u s u a l ly  a t  or 
n e a r  i t s  s a t u r a t i o n  m o is tu re  c o n te n t  v a lu e .  The e f f e c t s  o f
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w e t t in g  and d ry in g  a re  t h e r e f o r e  c o n s id e re d  t o  be m ain ly  l im i t e d  
t o  th e  s u r f a c e s  o f  th e  w a l l s  o f  th e  p i t ,  and f o r  a d i s t a n c e  of 
about 0.1 -  0 .2  m. back  from th e  f a c e 3 .
To i n v e s t i g a t e  th e  p o s s i b i l i t y  o f  a t t r i b u t i n g  some or a l l  o f  
th e  movements of th e  p i t  w a l l s  t o  changes in  m o is tu re  c o n te n t  of 
th e  c h a lk ,  s w e l l in g  t e s t s  were u n d e r ta k e n .  Two co re s  o f  c h a lk
were e x t r a c t e d  from b lo c k  samples o b ta in e d  from the ’ q u a rry
a d ja c e n t  t o  th e  t r i a l  p i t  a t  South  Mimms. Each co re ,  75 in
d ia m e te r  and 75 m* h ig h ,  was p laced  in  a g la s s  c o n t a in e r .  A
g l a s s  p la te  was p la ced  on th e  upper, s u r f a c e  o f  the  c o re ,  and a 
d i a l  gauge, r e a d in g  t o  0.01 mm., was a r ran g ed  t o  measure any 
upward d e f l e c t i o n  o f  th e  specim en. The c o n ta in e r  was th e n  f i l l e d  
w i th  w a te r  t o  a h e ig h t  mid-way up th e  c o r e .  B oth  co re s  rem ained 
under t e s t  f o r  s e v e r a l  weeks, No s w e l l in g  was measured d u r in g  
t h i s  p e r io d .  The co re s  were th e n  a l low ed  t o  d ry  o u t .  No sh r in k ag e  
was measured d u r in g  d r y in g .  The t e s t s  were c a r r i e d  out a t  a
te m p e ra tu re  o f  14-17°^•i
The r e s u l t s  o b ta in e d  by th e  a u th o r  from th e s e  t e s t s  a re  
s i m i l a r  to  th o se  o b ta in e d  by Meigh and E a r ly  (1957)* S w elling  
and sh r in k ag e  of th e  i n t a c t  c h a lk  r e s u l t i n g  from changes i n  
m o is tu re  co n ten t  a re  n o t  r e s p o n s ib le  f o r  th e  movements t h a t  were 
measured i n  th e  t r i a l  p i t .
(D) Removal o f  loose  c h a lk  by w a te r
The p o s s i b i l i t y  e x i s t s  t h a t  w a te r  moving th ro u g h  th e  ch a lk  
may remove and t r a n s p o r t  sm a ll  p ie c e s  o f  lo o s e ro c k .  S o lu t io n  o f
th e  ch a lk  may a l s o  o c c u r .  T h is  i n t e r n a l  e r o s io n  might th e n  g iv e
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r i s e  t o  some minor i n s t a b i l i t y  w i th  p o s s ib le  movement o f  b lo c k s  
and c h a lk .  Also p o s s ib le  i s  th e  rem oval o f  loose  c h a lk  from 
f r a c t u r e s  re d u c in g  t h e i r  s h e a r  s t r e n g t h  and cau s in g  movement o f  
c h a lk  o v e r ly in g  th e  f r a c t u r e .  The p o s s ib le  changes i n  th e  
c h a r a c te r  o f  f r a c t u r e  p la n es  i n  t h i s  way i s  d is c u s se d  more f u l l y  
i n  C hapter 9*
Evidence f o r  th e  i n t e r n a l  e ro s io n  o f  c h a lk  by w a te r  has  
been  o b ta in ed  from o b s e rv a t io n s  a t  a l o c a l i t y  n e a r  Ranmore, S u rrey  
( F a r r a r ,  1973)• Water em erging from c h a lk  n ea r  th e  f o o t  o f  a ro ad  
c u t t i n g  d e p o s i te d  p a r t i c l e s  o f  c h a lk  presumably eroded from 
w i th in  th e  mass o f ' c h a l k  b e h in d .  Water em erging from widened 
j o i n t s  has a l s o  b een  n o te d  by th e  a u th o r  a t  Alum Bay. I s l e  of 
Wight, and a t  A shw ell, H e r t f o r d s h i r e  ( 'S ec tio n  9*2,10) The j o i n t s  
have presumably been widened by s o l u t i o n  a n d /o r  e ro s io n  o f  th e  
su rro u n d in g  c h a lk .
Although th e  s u r f a c e s  o f  th e  p i t  a t  South  Mimms have always 
been  m o is t ,  no w a te r  has been  observed f lo w in g  from th e  w a l l s  or 
ly in g  on th e  f l o o r  o f  th e  p i t .  The c h a lk  a t  t h a t  l o c a l i t y  would 
t h e r e f o r e  seem to  be f r e e - d r a i n i n g .  Chalk removed by w a te r  
e i t h e r  as  fragm en ts  o r  i n  s o l u t i o n  would th e r e f o r e  p robab ly  be 
c a r r i e d  m ain ly  downwards, r a t h e r  th a n  l a t e r a l l y .  The p i t  i s  
known t o  l i e  w e l l  above th e  g e n e r a l  w a te r  t a b l e  l e v e l  ( s e e  
S e c t io n  6 .8 .6 )  . Thus, a l th o u g h  s o lu t i o n  and e ro s io n  a re  o f te n  
p o s s i b l e ,  th e y  a re  no t co n s id e re d  l i k e l y  causes  o f  th e  movements 
observed  in  th e  t r i a l  p i t .
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6 .8 .6  Ground w ate r  l e v e l s
Seasonal changes in  th e  ground v/a ter l e v e l  i n  c h a lk  a r e a s  may­
be JO m. or more. Large f l u c t u a t i o n s  occur e s p e c i a l l y  b en ea th  v a l l e y  
s id e s  and i n t e r f l u v e s  and sm all  f l u c t u a t i o n s  below v a l l e y  f l o o r s  
(S m ith ,  1972).
The p r e s e n t  a u th o r  b e l i e v e s  t h e r e  t o  be tv/o main e f f e c t s  o f
such  ground w a t e r . l e v e l  f l u c t u a t i o n s .  These a re :
(a )  changes i n  th e  c h a r a c te r  o f  th e  ch a lk  in  th e  zone 
between minimum and maximum w a te r  t a b l e  le v e l s ?  ' and
(b )  changes i n  th e  f o r c e s  a c t i n g  w i th i n  th e  c h a lk .
(a )  Changes i n  th e  c h a r a c te r  o f  th e  ch a lk
Cycles o f  s a t u r a t i o n  and d ry in g  o f  th e  cha lk  i n  th e  zone
o f  s e a s o n a l  w a te r  t a b l e  f l u c t u a t i o n  w i l l  te n d  to  c r e a te  open
f r a c t u r e s .  Any lo o se  m a te r i a l  f i l l i n g  th e  f r a c t u r e s  w i l l  be
removed by w a te r  p e r c o l a t i n g  downwards, and th e  ch a lk  w i l l  a l s o
te n d  to  be g r a d u a l ly  d is s o lv e d  th e re b y  in c r e a s in g  th e  w id th  o f  
ith e  f r a c t u r e s .
(b) Changes i n  th e  f o r c e s  a c t i n g  w ith in '  th e  ch a lk
• Cycles o f  s a t u r a t i o n  and d ry in g  do n o t  cause s w e l l in g  or
sh r in k ag e  o f  th e  c h a lk .  However, a r i s e  in  th e  l e v e l  o f  th e  
w a te r  t a b l e  w i l l  i n c re a s e  th e  a p p a re n t  d e n s i t y  o f  th e  ch a lk  
t h a t  becomes s a t u r a t e d ,  s in c e  th e  d e n s i ty  o f  w a te r  i s  much 
g r e a t e r  th a n  t h a t  o f  th e  a i r  t h a t  i s  d i s p la c e d .  The e f f e c t  i s  
t h e r e f o r e  t o  in c re a s e  th e  o v e r a l l  d e n s i ty  o f  th e  mass o f  c h a lk .  
Although pore Water p r e s s u re s  a re  g e n e r a l ly  co n s id e re d  t o  be 
i n s i g n i f i c a n t  in  th e  case  of ro c k ,  th e r e  i s  th e  p o s s i b i l i t y
183
o f  f r a c t u r e  w a te r  p r e s s u re s  r e s u l t i n g  from the  f i l l i n g  o f  open 
f r a c t u r e s  w ith  w a te r .  The e f f e c t  o f  the  in c re a s e d  d e n s i ty  o f  th e  
mass may be t o  e x e r t  f o r c e s  s u f f i c i e n t l y  g r e a t  t o  cause movement 
o f  th e  w a l l s  o f  th e  p i t .  The in c re a s e d  d e n s i ty  may g iv e  r i s e  
t o  f o r c e s  s u f f i c i e n t  t o  overcome th e  -shear s t r e n g t h  o f  some 
f r a c t u r e  p la n es  r e s u l t i n g  i n  movements a lo n g  them.
A v a ilab le  d a ta  r e g a rd in g -g ro u n d  w a te r  l e v e l s  in  th e  South 
Mimms a r e a  has been in v e s t ig a t e d  by th e  a u th o r .  The n e a r e s t  
w e l l  t o  the  t r i a l  p i t  f o r  which r e c o r d s  a r e  a v a i l a b l e  i s  a t  
C la re  H a l l ,  South Mimms. T h is  i s  lo c a te d  2 .5  km. S.S.W. o f  th e  
t r i a l  p i t ,  However, The Thames Conservancy d id  n o t  b eg in  r e c o r d s  
u n t i l  November, 1972 and few co n c lu s io n s  may th e r e f o r e  be reac h ed  
abou t th e  changes i n  ground w a te r  l e v e l s .  S easonal f l u c t u a t i o n s  
f o r  t h i s  v /e ll  a re  s m a l l ,  b e in g  on ly  about 0 .5  -  0 .6  m. The 
w e l l  i s  lo c a te d  a t  an  a l t i t u d e  o f  abou t 115m., on a low r id g e ,  
abou t 10 -  15 m. above th e  v a l l e y  f l o o r  to  th e  so u th  which has
a b ran ch  p f  th e  Mimmshall Brook f low ing  in  i t .1
According t o  W ooldridge and ICirkaldy (1937) , w e l l s  i n  th e  
v i c i n i t y  o f  Water End, where th e  Mimmshall Brook no rm ally  
d is a p p e a r s  underground down swallow h o le s ,  show t h a t  th e  w a te r  
t a b l e  u s u a l ly  l i e s  abou t 15m* b e n e a th  th e  bed o f  th e  s tream .
Even a f t e r  t o r r e n t i a l  r a i n  on one day in  1936 a r i s e  i n  th e  
l e v e l  o f  th e  w a te r  t a b l e  o f  on ly  2.m, was r e c o rd e d ,  Wooldridge 
and K irk a ld y  a l s o  n o te  t h a t  th e  w a te r  t a b l e  in  th e  c h a lk  i n  th e  
a r e a  Of th e  Mimmshall Brook i s  abnorm ally  h igh  ( s e e  P ig .  57) .
They a t t r i b u t e  t h i s  t o  th e  numerous swallow ho les  i n  th e  a re a
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% hich a l low  a la rg e  p ro p o r t io n  of th e  r a i n f a l l  t o  flow i n t o  
th e  c h a lk ,
F ig .  37 shows th e  average  ground w a te r  l e v e l s  f o r  th e  
Mimmshall V a l le y .  The average  ground w a te r  l e v e l . b e n e a t h  th e  
t r i a l  p i t  i s  a t  abou t 73 ni. above Ordnance Datum. The ground 
l e v e l  a t  t h a t  l o c a t i o n  i s  100 m. O.D. At no tim e was w a te r  
p r e s e n t  on th e  f l o o r  o f  th e  q u a r ry  n e a r  th e  t r i a l  p i t ,  which 
u n t i l  a  few y e a r s  ago was d eep e r ,  th e  f l o o r  b e in g  a t  a l e v e l  
o f  abou t 76 m. O.D. As th e  average  ground w a te r  l e v e l  i s  
t h e r e f o r e  abou t 25m. below th e  f l o o r  o f  th e  t r i a l  p i t ,  th e  
c h a lk  i s  f r e e  d r a in in g  a l l  y e a r  ro u n d .  Ground w a te r  l e v e l s  
a r e  n o t  r e s p o n s ib le  d i r e c t l y  f o r  any o f  th e  movements observed .
6 . 8 .7  F ro s t
The s u s c e p t i b i l i t y  o f  c h a lk  t o  f r o s t  a c t i o n  has been 
d e s c r ib e d  by , f o r  example, H igg inbo ttom  (1966) and Lewis and 
Croney ( 1966) .  Lewis and Croney have shown t h a t  th e  s o f t e r  
v a r i e t i e s  o f  c h a lk  a r e  p a r t i c u l a r l y  s u s c e p t i b l e .
The f r o s t  heave t e s t  d e s c r ib e d  by Lewis and Croney (1966) 
has  been  used  by th e  p r e s e n t  a u th o r  t o  a s s e s s  th e  s u s c e p t i b i l i t y  
o f  c h a lk  s im i l a r  t o  t h a t  i n  th e  w a l l s  of th e  t r i a l  p i t  a t  South 
Mimms, Two co res  o f  c h a lk  were t e s t e d .  The f r o s t  heave re c o rd e d  
over, th e  p e r io d  i s  shown g r a p h i c a l l y  i n  F ig .  38.
Sample A had a 2 mm. wide h o r i z o n t a l  f r a c t u r e  a t  about 
m id -h e ig h t  a n d 'd u r in g  t e s t  a t h i c k  ic e  le n s  developed  a lo n g  t h i s  
f r a c t u r e .  Sample B was an  i n t a c t  sample w i th  no f r a c t u r e s .  However, 
a  l a r g e r  heave was r e c o rd e d  th a n  w i th  sample A. The r e s u l t s  of th e
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t e s t s  a r e  g iv e n  below.
Sample ■ N a tu r a l  m o is tu re  M o is tu re  c o n te n t  F ro s t  heave 
c o n te n t  (%) a f t e r  t e s t  {°/o ) (° /o )
54 50
52 7 6
3?o i n v e s t i g a t e  th e  e f f e c t s  o f  f r o s t  a c t i o n  on c h a lk  i n  more 
d e t a i l  some f u r t h e r  t e s t s  were u n d e r ta k e n .  Two co res  e x t r a c te d  
from l a r g e r  b lo c k  samples o b ta in e d  from th e  q u a r ry  a t  South Mimms 
a d ja c e n t  t o  th e  t r i a l  p i t  were l e f t  i n  w a te r  f o r  24 h o u rs .  The 
c o re s  o f  ch a lk  were th e n  s u b je c te d  t o  f r e e z i n g .  A f te r  removal 
from th e  f r e e z e r ,  measurement, and l e a v i n g . f o r  12 hours a t  a 
te m p e ra tu re  o f  1 6 ^ . ,  th e  co re s  were soaked in  w a te r .  B o th  co re s  
d i s i n t e g r a t e d  a long  c r a c k s .  The c rac k s  ex tended  r i g h t  a c ro s s  th e  
specim ens, m ainly  l o n g i t u d i n a l l y .  No f u r t h e r  c y c le s  o f  t e s t i n g  
were t h e r e f o r e  u n d e r ta k e n  w i th  th e s e  specim ens. No c rac k s  were 
observed  in  th e  specim ens p r i o r  t o  t e s t .  Had c ra c k s  been p r e s e n t  
th e  c h a lk  would p robab ly  have d i s i n t e g r a t e d  d u r in g  c o r in g .  The 
p o s s i b i l i t y  e x i s t s  t h a t  th e s e  c rac k s  were caused by th e  c o r in g ,  
a l th o u g h  th e  i n i t i a l  s a t u r a t i o n  o f  th e  co re s  should  have enab ledI
t h e i r  d is c o v e ry .
The r e s u l t s  o f  th e s e  f r e e z i n g  t e s t s  a r e  g iv e n  i n  Table IV 
t o g e t h e r  w i th  th e  r e s u l t s  o f  th e  t e s t s  a l r e a d y  d e s c r ib e d  in  
S e c t io n  6 .8 .4 *
A
B
25
26
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Table IV . R e s u l t s  o f  f r e e z e - th a w  t e s t s  on c o re s  o f  c h a lk
Change in  l e n g th  (mm.) a s  compared 
w i th  o r i g i n a l  l e n g th
T es t  S e r i e s  A T es t  S e r ie s  B
(d r y  co res )  (soaked  cores)
Core 1 Core 2 Core 1 Core 2
S t a r t , 16 0.00  0.00 0.00  0.00
Cycle 1 Day 1 -9
Day 2 16
- 0 .0 7  - 0 .07 0 .7 8  0 .87
- 0 .02  . - 0 .02 0 .3 5  0 .34
Cycle 2 Day 1 -9 - 0 .0 8  - 0 .0 8 c o l la p s e  on 
so ak in gDay 2 16 -0 .0 3  -0 .0 3
L eng th  o f  each  co re : 76 .0  mm.
D iam eter o f  each  co re : 76 .0  mm.
These r e s u l t s  i n d i c a t e  t h a t  d ry  ch a lk  i s  l a r g e l y  u n a f fe c te d  
by f r e e z i n g  and thaw ing , w hereas wet ch a lk  i s  s e v e re ly  a f f e c t e d .
The ex pans ion  produced by f r e e z i n g  o f  w a te r  i s  abou t 9 per  cen t 
o f  i t s  volumei I n  th e  case  o f  c h a lk  th e  fo rc e  e x e r t e d  by t h i s  
ex p an s io n  would seem t o  be s u f f i c i e n t  t o  cause f r a c t u r e s  t o  
d e v e lo p .  The w a te r  i s  h e ld  w i th in  pores  in  th e  c h a lk ,  and f r e e z i n g  
o f  t h i s  w a te r  e x e r t s  f o r c e s  t h a t  e v e n t u a l l y  overcome th e  bonds between 
th e  c o n s t i t u e n t  p a r t i c l e s .  The a u th o r  su g g e s ts  t h a t  th e  te rm  
pore ic e  p re s s u re  might u s e f u l l y  be employed t o  d e c r ib e  t h i s  
phenomenon.
The ev idence  d e sc r ib e d  i n d i c a t e s  t h a t  f r e e z i n g  and thaw ing o f 
c h a lk  in  th e  p resence  o f  moisture^, i s  a p ro cess  t h a t  does s i g n i f i c a n t l y
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a f f e c t  th e  c h a r a c t e r i s t i c s  o f  c h a lk ,  and t h a t  t h i s  might be 
r e s p o n s ib le  f o r  th e  movements observed i n  th e  t r i a l  p i t*
6*8.8  B io l o g ic a l  f a c t o r s
P e n e t r a t i o n  by r o o t s  may e x e r t  f o r c e s  on th e  ro c k  and 
th e s e  have been  observed t o  cause f a i l u r e  o f  q u i t e  l a rg e  masses 
o f  ch a lk  as  d e sc r ib e d  in  Chaper 5* Roots and burrow ing a c t i v i t y  
by an im als  w i l l  te n d  a l s o  t o  in c re a s e  th e  p e r m e a b i l i t y .o f  th e  
n e a r  s u r fa c e  rock* C a v i t i e s  t h a t  were p o s s ib le  r a b b i t  burrows 
were found in  th e  lo o se  c h a lk  exposed in  th e  upper p a r t  of th e  
p i t  f a c e s  ( S e c t io n  6*4-1)* Ho e n t ra n c e s  t o  in h a b i te d  burrows 
were found a t  th e  s u r f a c e  n e a r  th e  p i t*  Only g r a s s  was p re s e n t  
i n  th e  immediate v i c i n i t y  o f  th e  p i t  and th e  r o o t s  d id  no t ex tend  
more th a n  about 50 mm. i n t o  th e  lo o se  c h a lk .  The ev idence 
s u g g e s ts  t h a t  b i o l o g i c a l  f a c t o r s  a re  no t a major cause of th e  
movements observed in  th e  t r i a l  p i t .
6*9 D iscnd'sion
The r e s u l t s  o f  th e  measurements made a t  th e  t r i a l  p i t s ,  
e s p e c i a l l y  th o se  a t  South  Mimms, showed t h a t  over a p e r io d  o f  
t im e - movements do occur i n  s te e p  ch a lk  s lo p e s ,  ‘ The method 
adopted  f o r  measurement was o f  n e c e s s i t y  r e l a t i v e l y  s im p le .  I t  
was open t o  some e r r o r s  such a s  the- th e rm al expansion  and 
c o n t r a c t i o n  o f  th e  n a i l s  t h a t  must have occurred  a s  mentioned 
i n  S e c t io n  6*5* N e v e r th e le s s  th e  s i z e  o f  th e  movements 
measured and th e  c o n s is te n c y  o f  th e  r e s u l t s  sugges t  t h a t  th e  
method a d o p te d ’was re a s o n a b ly  p r e c i s e .
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The l a r g e s t  inward movement re c o rd e d  was 4*3 ram. f o r  th e  
upperm ost p a r t  of th e  n o r th  and s o u th  f a c e s .  The l a r g e s t  inward 
movements were re c o rd e d  i n  th e  upper p a r t s  o f  th e  f a c e s  o f  th e  
p i t .  These movements occu rred  i n  ru b b ly  c h a lk  and such cha lk  
would be expec ted  to  be l e s s  r i g i d  th a n  th e  normal b locky  cha lk  
b e n e a th .  Y e t ,  even in  th e  b locky  c h a lk  inward movements o f  up 
t o  1 ,5  mm, were m easured.
The p a t t e r n  o f  movements r e c o rd e d  a t  th e  t r i a l  p i t  a t  South 
Mimms c o n s i s t s  o f  th r e e  main phases  as  i l l u s t r a t e d  in  F ig .  39.
P h ase  1 took  p lace  i n  th e  week im m ediate ly  a f t e r  e x c a v a t io n  and 
c o n s i s te d  o f  a l a rg e  p o s i t i v e  ( inward) movement i n  th e  upper p a r t  
o f  th e  p i t .  The s i z e  o f  th e  p o s i t i v e  movement d ec re ase d  downwards 
and i n  th e  lower p a r t  o f  th e  p i t  a  sm all  n e g a t iv e  movement 
o c c u r re d .  Some p a r t  o f  t h i s  phase 1 movement may w e l l  have 
occu rred  d u r in g  e x c a v a t io n  and th e r e f o r e  escaped m easure . Phase  2 
c o n s i s t e d  o f  an o v e r a l l  n e g a t iv e  movement which reached  i t s  acme s i x  
weeks a f te ir  e x c a v a t io n  o f  th e  p i t .  P hase  3 r e s u l t e d  i n  a g e n e ra l  
p o s i t i v e  movement o f  th e  w a l l s  o f  th e  p i t .  Although t h i s  movement 
was n o t  con tin u o u s  b u t  i r r e g u l a r ,  th e  g e n e ra l  p o s i t i v e  t r e n d  
c o n t in u e d  u n t i l  measurements ended i n  March, 1974*
I n v e s t i g a t i o n  o f  th e  causes  o f  th e  observed movements has 
su g g es ted  t h a t  th e  phase 1 movement i s  due t o  s t r e s s  r e l i e f  
r e s u l t i n g  from e x c a v a t io n  of ro c k  o r i g i n a l l y  s u p p o r t in g  th e  ch a lk
i n  th e  f a c e s  o f  th e  p i t .  The phase 2 movement which c o n s i s te d  o f  
a  r e l a t i v e  movement o f  th e  ch a lk  back  i n t o  th e  f a c e  was though t
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t o  be p o s s ib ly  due to  s h r in k ag e  o f  th e  c h a lk  as  i t  d r ie d  out on 
exposure  t o  th e  a tm osphere .  The t e s t s  d e s c r i b e d . i n  S e c t io n  6 .8 .5  
showed, however, t h a t  no volume change occurs  w ith  changes in  
m o is tu re  c o n te n t  o f  th e  c h a lk .  The movement may be a t t r i b u t a b l e  to. 
low er te m p e ra tu re s  re c o rd e d  a t  t h a t  t im e .  The movement t o  be 
e x p la in e d  i s  one o f  about 0 ,5  imn. The d e c re a se  in  average  
te m p e ra tu re  between th e  phase 1 and phase 2 r e a d in g s  i s  about 
1 0 ^ .  (Appendix 1) . Assuming the  th e rm a l  c o e f f i c i e n t  o f  l i n e a r ,  
exp an s io n  of  the  c h a lk  t o  be 50 x 10~^/°C. (S e c t io n  6 . 8 . 4) ,  th e n  
t o  e x p la in  th e  movement o f  0 .5  mm., ch a lk  f o r  a d i s t a n c e  o f  1 m. 
back  from th e  fa c e  would be in v o lv e d .  Tem perature changes may 
th e r e f o r e  e x p la in  th e  phase 2 movement and some o f  th e  o th e r  
i r r e g u l a r  movements which o c c u r re d .
1
The phase 5 movement r e s u l t e d  i n  a g e n e ra l  inward movement 
o f  th e  p i t  f a c e s .  I n  th e  e a r l y  s ta g e s  t h i s  movement was g r e a t e r
i n  th e  upper p a r t  o f  th e  p i t  and d ec re ase d  r e g u l a r l y  downwards,
i ' •T h is  r e g u l a r i t y  became much more obscure a s  th e  p e r io d  o f
measurement p ro g re s s e d .  P a r t i c u l a r  d i s i n t e g r a t i o n  o f  th e  f a c e s
o f  th e  p i t  v/as no ted  between J u ly  and O c tober  1973* T his  occu rred
two y e a r s  a f t e r  i t s  e x c a v a t io n .  The c h a lk  which was ex trem ely  wet
appeared  v e ry  s h a t t e r e d  and p ie c e s  had s p a l l e d  o f f  th e  f a c e s .  The
s h a t t e r i n g  was e s p e c i a l l y  in t e n s e  on the  e a s t  f a c e .  By th e  end
o f  O c to b e r ,  1973 th e  n o r th  and so u th  f a c e s  a l s o  appeared  s h a t t e r e d
a l th o u g h  th e  c h a lk  had d r ie d  out c o n s id e r a b ly .  Some d i s i n t e g r a t i o n
was a l s o  o c c u r r in g  a lo n g  j o i n t  s u r f a c e s  i n t e r s e c t i n g  th e  p i t  ( F i g .  40)*
Small masses o f  r o c k  were becoming de tached  and f a l l i n g  down to  th e
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F»qAO.(cO. Fracture. g o  n f ro\\ed disintegration of an exposed -face.
3 o o Scale: l-^S
Fi g.40.(b).F\eI cl sk etch  of Upvoarcl disintegration alonc  ^ft f  racture plane 
in th e  trial pit «t South  Mimms.
1^5
f l o o r  of th e  p i t .  The d i s i n t e g r a t i o n  was l im i t e d  backwards by a 
prom inent j o i n t .
When v i s i t e d  i n  December, 1973 th e  c e n t r a l  p a r t s  o f  th e  w a lls  
o f  th e  p i t  had undergone . s i g n i f i c a n t  decay and th e  c h a lk  was v e ry  
s h a t t e r e d  and lo o s e .  This, i s  r e f l e c t e d  i n  th e  p o s i t i v e  movements 
shown in  F ig s .  29 and 50 . I n  March, 1974 f u r t h e r  d i s i n t e g r a t i o n  
upwards a lo n g  a j o i n t  w i th  a d ip  o f  66°S. was o c c u r r in g  i n  th e  
n o r t h  w a l l  o f  the  p i t .  I f  l e f t  t h a t  p a r t  o f  th e  p i t  would n o t  be 
s t a b l e  u n t i l  d i s i n t e g r a t i o n '  back a lo n g  t h a t  j o i n t  t o  an ang le  of 
s lo p e  o f  66° had been  a c h ie v e d .
S i g n i f i c a n t  d e t e r i o r a t i o n  i n  th e  c o n d i t io n  o f  th e  p i t  t h e r e f o r e  
occu rred  some two y e a r s  a f t e r  i t s  excavation*  The r a t e  o f  inward 
movement would seem t o  a c c e l e r a t e  w i th  t im e .  E xcep ting  th e  la rg e  
movements im m ediate ly  a f t e r  e x c a v a t io n ,  th e  f i r s t  i n d i c a t i o n  of 
a n o th e r  l a rg e  inward movement was i n  March, 1973> hy which tim e th e  
p i t  had been s u b je c te d  to  two w i n t e r s .  O b se rv a t io n  o f  th e  ch a lk  
e x t r a c t e d  from th e  t r i a l  p i t  showed t h a t  i t  was r e l a t i v e l y  u n a f f e c t e d  
by exposure  d u r in g  th e  f i r s t  w in te r  and r e t a i n e d  i t s  b locky  c h a r a c t e r  
Y e t ,  a f t e r  exposure  t o  th e  second w in te r ,  i t  had been com ple te ly  
r e d u c e d ,  presumably by f r o s t  a c t i o n ,  t o  sm all  fragm ents  and powder.
6 .10  C onclusions
(a )  S i g n i f i c a n t  movements do occur i n  the  f a c e s  o f  s te e p  
exposed c h a lk  s lo p e s .
(b) S t r e s s  r e l i e f  i s  i n i t i a l l y  a s i g n i f i c a n t  cause o f  movement.
( c) I n  th e  lo n g - te rm  f r o s t  a c t i o n  i s  mainly r e s p o n s ib le  f o r  
d i s i n t e g r a t i o n  and movement o f  f a c e s  of c h a lk .
(d) These movements may occur a t  an a c c e l e r a t i n g  r a t e  and 
r e f l e c t  i n c r e a s in g  d i s i n t e g r a t i o n  o f  th e  exposed c h a lk .
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7 .  FRACTURE PATTERN OF THE CHALK
7.1 I n t r o d u c t i o n
Most ro c k s  a re  t r a v e r s e d  by f r a c t u r e s .  These f r a c t u r e s  a re  
u s u a l l y  j o i n t s ,  b u t  i n  some c a se s  may be f a u l t s  or o th e r  p la n es  
such a s  c leavage  and s c h i s t o s i t y .  The te rm  ' f r a c t u r e 1 i s  used 
h ere  t o  in c lu d e  a l l  ty p e s  o f  f r a c t u r e  p la n e s  t h a t  may occur 
e . g .  f a u l t i n g ,  j o i n t i n g ,  c le a v a g e ,  s c h i s t o s i t y ,  a l th o u g h  in  th e  
case o f  ch a lk  only  bedding  p la n es  j o i n t i n g  and f a u l t i n g  a r e  
p r e s e n t .  Study o f  l i t e r a t u r e  d e s c r ib i n g  case  h i s t o r i e s  o f  ro c k  
s lo p e  f a i l u r e s  i n d i c a t e s  t h a t  th e s e  p r e - e x i s t i n g  f r a c t u r e  p la n es  
a r e  th o s e  a long  which movement o f t e n  o c c u r s .  F ie l d  work by th e  
a u th o r  d e s c r ib e d  i n  C hapter 5 has confirm ed  t h i s .
A part from a few b r i e f  or vague r e f e r e n c e s  t o  th e  j o i n t  
system  w i th i n  th e  Chalk ( f o r  example, P eake ,  19&7), only  one 
d e t a i l e d  i n v e s t i g a t i o n  ap p ea rs  to have been  u n d e r ta k e n .  I n  an
i n v e s t i g a t i o n  o f  th e  g e o l o g ic a l  f a c t o r s  a f f e c t i n g  j o i n t i n g ,
iDenness ( 1969) examined j o i n t i n g  a t  f o u r  s i t e s  i n  th e  C halk .
The s i t e s  were a t  Dover, D a r t fo rd ,  Beachy Head and Alum Bay.
B edding  was found t o  be a major f a c t o r  a f f e c t i n g  th e  j o i n t i n g .
I n  com petent sed im en ta ry  s t r a t a  th e  f r a c t u r e s  u s u a l l y  form 
a  d e f i n i t e  p a t t e r n  r e l a t e d  t o  th e  s t r e s s  p a t t e r n  o f  p a t t e r n s  t h a t  
have a c te d  on th e  s t r a t a  d u r in g  t h e i r  g e o lo g ic a l  h i s t o r y .  
C onsequen tly ,  th e s e  f r a c t u r e . p a t t e r n s  a r e  f r e q u e n t ly  r e l a t e d  t o .  
th e  m ajor f o l d  a x e s .  P r i c e  ( 1966) d e s c r ib e s  th e  f r a c t u r e  p a t t e r n s  
and i n d i c a t e s  t h a t  in  s im ply  f o ld e d ’ro c k s  two s e t s  o f  t e n s i o n  j o i n t s  
o ccu r ,  one s e t  p a r a l l e l  t o  th e  f o ld  a x i s  and one s e t  a t  r i g h t  a n g le s
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t o  th e  f o ld  a x i s ,  to g e th e r  w i th  two s e t s  o f  shear  j o i n t s ,  th e s e  
b e in g  cu t  by th e  s e t  o f  t e n s io n  j o i n t s  a t  r i g h t  an g le s  t o  th e  
f o ld  a x i s  ( P i g .  41) « I n  a d d i t i o n ,  o th e r  j o i n t s  may be developed , 
f o r  example sh ea r  j o i n t s  may occur a t  th e  c r e s t  o f  a n t i c l i n a l  
f o ld s  w ith  th e  a c u te  an g le  made by th e  j o i n t s  be ing  i n t e r s e c t e d  
by th e  f o ld  a x i s .  F a u l t s  may a l s o  be r e l a t e d  to  th e  j o i n t  
p a t t e r n ,  and P r i c e  d e s c r ib e s  th e  f a u l t  p a t t e r n s  t h a t  may be 
p r e s e n t  i n  a h o r i z o n t a l l y  bedded s t r a tu m .
A d e t a i l e d  f i e l d  i n v e s t i g a t i o n  was made by th e  a u th o r  t o  
a s c e r t a i n  i f  a d e f i n i t e  f r a c t u r e  p a t t e r n  e x i s t s  w i th in  th e  Chalk, 
and i f  so ,  th e  e x t e n t  t o  which th e  p a t t e r n  rem ains  c o n s ta n t  over 
a g iv e n  a r e a .  I f  d e f i n i t e  f r a c t u r e  d i r e c t i o n s  a re  r e c o g n i s a b le  
oyer s u f f i c i e n t l y  l a rg e  a r e a s  th e n  th e  p r e d i c t i o n  o f  l i k e l y  
d i r e c t i o n s  o f  f a i l u r e  becomes p o s s i b l e .  During th e  f i e l d  work 
th e  ty p e s  of f r a c t u r e s  p r e s e n t ,  th e  spac ing  o f  f r a c t u r e s  and the  
n a tu re  o f  th e  f r a c t u r e  s u r f a c e s  were a l s o  n o te d .  The r e s u l t s  o f  
th e s e  a s p e c t s  o f  th e  work a re  d i s c u s s e d  more f u l l y  i n  C hap ters  
8 and 9*
7 .2  S t r u c t u r a l  geo logy  o f  t he c h a lk
P r i c e  ( 1966) s u g g e s ts  t h a t  th e  f r a c t u r e  p a t t e r n s  developed  
i n  competent s t r a t a  a re  f r e q u e n t ly  r e l a t e d  to  th e  f o ld  a x e s .  
R e c o g n i t io n  o f  th e  major f o ld  axes f o r  Chalk a r e a s  was t h e r e f o r e  
made to g e th e r  w i th  major f a u l t s .  The main s t r u c t u r e s  p re s e n t  
w i th in  th e  Chalk o u tc ro p  a re  shown in  F ig .  42*
The- Chalk has been  a f f e c t e d  by only  one major p e r io d  of e a r t h  
movements, th e  A lp ine  Orogeny commencing some 70 m i l l i o n  y e a r s  ago .
: Shear joint's 
T, ,Tj. *-Tension joints.
A-1. Typical syst-em of ^otrtfing developed on  *tV\e/lHnfc> o f a  fo ld , 
(offer Price,
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As t h i s  Orogeny was c e n t r e d  in  C o n t in e n ta l  Europe th e  i n t e n s i t y  
o f  e f f e c t s  i n  B r i t a i n  d ec re a se  n o r th w ard s .  C onsequently , th e  
only  a r e a s  where th e  Chalk i s  a f f e c t e d  by complex s t r u c t u r a l  
movements a re  South D o rse t ,  th e  I s l e  o f  Wight and th e  Hog’ s 
Back, n e a r  G u i ld fo rd .  I n  South D orse t th e  Chalk i s  invo lved  in  
f a u l t i n g  and f o ld i n g  a lo n g  th e  n o r th e r n  limb o f  th e  Weymouth 
A n t i c l i n e  and i t s  e a s t e r n  e x te n s io n  i n t o  B a l l a r d  Down and th e  
m onocline of th e  I s l e  o f  W ight. At th e  H og 's  Back i s  a n o th e r  
f a u l t e d  m onoc lina l f o l d .  Elsewhere th e  Chalk i s  a f f e c t e d  only  
by r e l a t i v e l y  s im ple  1 open’ f o ld s  such a s  th e  London B a s in  and 
th e  7/ealden Dome. F o lds  o f  s m a l le r  am plitude  and s t i l l  of 
sim ple  form o f t e n  occu r’ on th e  lim bs o f  the  main f o ld s  ( e . g .  i n  
th e  Lewes a re a  of S u s se x ) .
M ajor f o ld s  a re  l a r g e l y  a b s e n t  from th e  Chalk o f  E a s t  A nglia ,  
L in c o ln s h i r e  and th e  Y o rk sh i re  Wolds, and th e  Chalk d ip s  g e n t ly  
e a s tw ard s  a t  l e s s  th a n  1 0 ° .  However, i n  th e s e  a r e a s  some l e s s
iw e l l  k n o w n -s t ru c tu ra l  m o d i f ic a t io n s  have occu rred  as  a  r e s u l t  of 
g l a c i a l  a c t i o n  d u r in g  th e  P l e i s t o c e n e .  These s t r u c t u r e s  in c lu d e  
t h r u s t  p la n e s  t h a t  a re  th o u g h t to  be due to  th e  ' pushing* e f f e c t  
o f  i c e  ad v an ces .  One such t h r u s t  p lane  has been  observed  a t  
Barkway i n  H o r th - e a s t  H e r t f o r d s h i r e .
7 .5  F ie l d  procedure
A t each  l o c a l i t y  v i s i t e d  th e  d ip  and s t r i k e  of each  observed 
f r a c t u r e  was r e c o r d e d .  Measurements were made u s in g  a s ta n d a rd  
com pass-c i ino rae te r  m anufactured  by M.D.S. L t d .  Care was ta k e n  
t o  ensu re  t h a t  th e  f r a c t u r e  t o  be measured was n o t  j u s t  a
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w eathe red  s u r f a c e .  D i r ty  f a c e s  were t h e r e f o r e  c leaned  o f  lo o se  
m a te r i a l  b e fo re h a n d .  Many f r a c t u r e s  exposed in  w eathered  fa c e s  
were found to  change t h e i r  o r i e n t a t i o n  a s h o r t  d i s ta n c e  in  from 
th e  exposed f a c e .  The d i s t i n c t i o n  between f r a c t u r e s  produced by 
w ea th e r in g  and th e  more e x te n s iv e  p robab le  t e c t o n i c  f r a c t u r e s  
was th e r e f o r e  im p o r ta n t ,  b u t  t h i s  was found t o  be r e l a t i v e l y  
s t r a i g h t f o r w a r d  i f  th e  f a c e s  were c lean ed  b e fo re  measurements 
were made.
I n  a d d i t i o n  t o  r e c o r d in g  th e  o r i e n t a t i o n  o f  th e  f r a c t u r e s  
a t  each  l o c a l i t y ,  o th e r  f a c t o r s  have a l s o  been  no ted  where 
p o s s i b l e .  These have in c lu d e d  th e  d i s t i n c t i o n  between j o i n t s  
and f a u l t s ,  th e  o r i e n t a t i o n  o f  th e  bedd ing , th e  n a tu re  o f  th e  
f r a c t u r e  s u r f a c e s ,  and th e  s p ac in g  o f  f r a c t u r e s .  F r a c tu r e  
s p ac in g  i s  d e a l t  w i th  in  C hapter 8 and th e  n a tu re  o f  f r a c t u r e  
s u r f a c e s  in  C hapter $ ,  ■■
L o c a l i t i e s  v i s i t e d  a t  which f r a c t u r e s  have been measured i . •
were m ainly  i n  th e  C h i l t e r n s ,  th e  South Downs, and th e  I s l e  of 
T hane t.  These a r e a s  were s e l e c t e d  i n i t i a l l y  because th e  g e o lo g ic a l  
s t r u c t u r e s  a re  r e l a t i v e l y  s im p le .  However, a  number o f  measurements 
have a l s o  been  made i n  o th e r  a r e a s  such  as  th e  I s l e  o f  W ight,
JLsjL  R e s u l t s  o f  d i r e c t i o n a l  measurement o f  f r a c t u r e s  
7 .4 .1  South  Mimms
I n i t i a l l y ,  th e  measurement o f  f r a c t u r e s  was u n d e r ta k e n  by th e  
a u th o r  a t  South Mimms, H e r t f o r d s h i r e .  These measurements were 
u n d e r ta k en  i n  c o n n e c t io n  w i th  th e  t r i a l  e x c a v a t io n  in  which 
movements were m onito red  ( s e e  C hapter 6 ) .  The movements t h a t  were
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observed  i n  the  w a l l s  o f  th e  e x c a v a t io n  were c o n s id e re d  t o  be 
p o s s ib ly  r e l a t e d  to  th e  f r a c t u r e  p a t t e r n .  Measurements o f  th e  
d ip  and s t r i k e  o f  th e  f r a c t u r e s  were made in  th e  w a l l s  o f  th e  
e x c a v a t io n  and a l s o  i n  th e  f a c e s  o f  th e  nearby  q u a r ry .  A ll  
th e  f r a c t u r e s  observed  were j o i n t s .  Of th e s e  j o i n t s ,  8$> had 
a d ip  o f  more th a n  75°* The low est d ip  an g le  re c o rd e d  was 51°*
The measurements made a t  South  Mimms a re  shown p l o t t e d  in  
s te r e o g r a p h ic  p r o j e c t i o n  in  F ig .  35* The s ta n d a rd  W ulff N et 
has been  used f o r  a l l  s t e r e o g r a p h ic  p r o j e c t io n s  t h a t  have been 
c o n s t ru c te d  d u r in g  th e  a u t h o r ’ s w ork. The method adopted  is:: 
d e s c r ib e d  by, f o r  example, P h i l l i p s  ( 1 9 7 i ) •
The f r a c t u r e s  p l o t t e d  i n  F ig .  35 in d i c a t e  two main 
c o n c e n t r a t io n s  o f  f r a c t u r e  s t r i k e  d i r e c t i o n s .  One c o n c e n t r a t io n  
occu rs  between N20°fi. and N8 0 ^ .  A second c o n c e n t r a t io n  occurs  
between NO^V, andN 55^Y . These w e l l  marked g roup ings  o f  f r a c t u r e  
s t r i k e s  sugges ted  t h a t  th e  f r a c t u r i n g  w i th in  th e  Chalk a t  t h i s  
l o c a l i t y  was n o t  randomly o r i e n t a t e d ,  b u t  might conform t o  some 
d e f i n i t e  p a t t e r n .  I n  F ig .  43 bhe s t r i k e s  o f  th e  f r a c t u r e s  a re  
p l o t t e d  a s  a f req u en cy  po lygon . T his  f ig u r e  i n d i c a t e s  th e  
c o n c e n t r a t i o n  o f  f r a c t u r i n g  i n t o  s i x  main d i r e c t i o n s .  The mean 
s t r i k e  v a lu e s  f o r  each  o f  th e s e  c o n c e n t r a t io n s  a re :  N50c!s.
N67^E., N0°vY., N27% . ,  N49°ff.
S t r u c t u r a l l y ,  South  Mimms i s  lo c a te d  on th e  n o r th e rn  s id e  
o f  th e  London B a s in .  The s t r i k e  o f  th e  n o r th e r n  limb o f t h i s  
major s y n c l i n a l  f o ld  i s  N.E.-S.»Y._ The p a t t e r n  o f  f r a c t u r i n g  
p o s tu la te d  by P r i c e  f o r  t h i s  type  o f  f o ld  i s  .shown i n  F ig .  44a .
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Rq.44-(a). E x p e c te d •fracture pattern -for -fold w ith  N .£ .-*S .W . ax is.
Recorded •fracture. pattern at South Mimms.
The mean s t r i k e s  of f r a c t u r e s  re c o rd e d  a t  South Mimms a r e  shown 
f o r  com parison in  F ig .  44h. The mean s t r i k e s  of N49°W. andNoHv, 
would t h e r e f o r e  seem t o  co rrespond  w i th  th e  expec ted  sh e a r  
f r a c t u r e s  denoted  by J ,  and J 0 The mean s t r i k e s  of j^ O ^ .  and N 2 7 ^ .  
p ro b ab ly  co rrespond  w i th  the  expec ted  f r a c t u r e s  denoted by and J ^ .
I n  a d d i t i o n  t o  b e in g  lo c a te d  on th e  n o r th e rn  limb o f  a major
s y n c l in e  th e  South Mimms a r e a  l i e s  on an a n t i c l i n a l  f l e x u r e  w i th
.a 3ff;E#-S.W. a x i s .  There i s  a l s o  th e  p o s s i b i l i t y  o f  1 a n t i c l i n a l
w arp ing1 a long  a N .W .-S .S . a x i s  (W ooldridge and K irk a ld y ,  1937)*
Such a n t i c l i n a l  f o ld i n g  a long  a N.W.-S.E. a x i s  might be expec ted
t o  r e s u l t  in  th e  fo rm a t io n  o f  an a d d i t i o n a l  s e t  of s h e a r  f r a c t u r e s
a s  i n d i c a te d  in  F ig .  45* These f r a c t u r e s  a re  denoted by J  and J  •x y
For f r a c t u r e  d i r e c t i o n s  o th e r  th a n  th e s e  th e  n o ta t i o n  g iv en  by 
P r i c e  has been  a d o p ted .  The mean s t r i k e s  o f  N27^S. a n d E 6 7 °E .  
r e c o rd e d  a t  South Mimms co rrespond  w i th  t h i s  a d d i t i o n a l  s e t  of 
sh e a r  f r a c t u r e s .
As in d i c a te d  in  th e  s te reo g ram  of f r a c t u r e s  measured a t
South  Mimms ( F ig .  3 5 ) ,  th e  i n t e n s i t y  o f  f r a c t u r i n g  v a r i e s  from one
s e t  o f  f r a c t u r e s  t o  a n o th e r .  The J-, and J  f r a c t u r e s  a re  developed3 y
p a r t i c u l a r l y  w e l l .  The pronounced f r a c t u r e  d i r e c t i o n  might be 
expec ted  s in c e  i t  co rre sp o n d s  to  th e  t e n s i o n  f r a c t u r e  d i r e c t i o n  
p a r a l l e l  t o  th e  N.E.-S.W . axes  o f  b o th  th e  major s y n c l i n a l  f o ld  
and th e  b e t t e r  developed  o f  th e  a n t i c l i n a l  f o l d s .
7 . 4 .2  The C h i l te r n s
The r e s u l t s  of th e  f r a c t u r e  su rvey  a t  South Mimms in d i c a te d  
t h a t  a d e f i n i t e  f r a c t u r e  p a t t e r n  i s  p re s e n t  and t h a t  t h i s  p a t t e r n
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Fig.45(o).Shear jo in ts , 3*, and <T^ , formed in response, to  folding along N.E.rS.VJ.
axis.
Ficp 45(b). SKe^ ar 
ax is .
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joints, 3 *  and formed in response- to  folding along N.V/.-S.E.
may be r e l a t e d  to  th e  s t r u c t u r a l  geo logy  o f  the  a r e a i  Having 
r e c o g n is e d  a p a t t e r n  a t  one p a r t i c u l a r  l o c a l i t y ,  an a t te m p t was 
made to  d i s t i n g u i s h  a p a t t e r n  on a r e g io n a l  s c a l e .
Measurements o f  th e  d ip  and s t r i k e  o f  f r a c t u r e s  were 
u n d e r ta k en  a t  n in e te e n  l o c a l i t i e s  i n  the  n o r th e r n  G h i l t e r n s ,
The l o c a l i t i e s  a re  shown i n  F ig .  4 6 . A d i s t i n c t i o n  was made in  
th e  f i e l d  between j o i n t s  and f a u l t s .
The r e s u l t s  have been a n a ly se d  i n  s e v e r a l  ways. The 
l o c a l i t i e s  were d iv id e d  i n t o  a s o u th e rn  group and a n o r th e r n  
g ro u p .  The n o r th e r n  group  in c lu d e d  l o c a l i t i e s  i n  s o u th  
C am bridgesh ire ,  w est Essex  and n o r t h - e a s t  H e r t f o r d s h i r e ,  e a s t  
o f  a  l in e ,  from H e r t f o r d  t o  H i t c h i n .  The s o u th e rn  group 
in c lu d e d  l o c a l i t i e s  i n  e a s t  B uck ingham shire ,  so u th  B e d fo rd s h i r e  
and H e r t f o r d s h i r e ,  w est o f  th e  H e r t f o r d - H i t c h i n  l i n e .  The 
r e s u l t s  o f  the  su rv ey  u n d e r ta k en  a t  South Mimms a re  in c lu d ed  
i n  th e  r e s u l t s  f o r  th e  s o u th e rn  group  o f  l o c a l i t i e s .  For each  
l o c a l i t y  th e  mean s t r i k e  o f  each  group o f  j o i n t s  was c a l c u l a t e d .  
The mean s t r i k e  v a lu e s  c a l c u l a t e d  a r e  shown p lo t t e d  a s  f requency  
polygons in  Fig* 47* For b o th  th e  n o r th e rn  and s o u th e rn  groups 
s i x  main j o i n t  s e t s  may be r e c o g n i s e d .  A summary of  th e s e  
s y s te m a t ic  j o i n t  s e t s  i s  p re se n te d  i n  Table V .
The s t r i k e  d i r e c t i o n s  o f  th e se  j o i n t ; s e t s  a re  s i m i l a r  t o  
th o se  re c o g n ise d  a t  South  Mimms. There i s  an  i n d i c a t i o n  t h a t  
th e  J . j ,  J 2 and j o i n t s  i n  th e  n o r th e r n  g roup of l o c a l i t i e s  
a r e  r o t a t e d  a n t ic lo c k w is e  by about compared w i th  the
e q u iv a le n t  j o i n t  s e t s  i n  th e  s o u th e rn  group of l o c a l i t i e s .
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The J x and j o i n t s  i n  th e  n o r th e rn  group a re  r o t a t e d  
a n t ic lo c k w is e  by about 5-10°# T his  i s  t o  be expec ted  as  th e  
s t r i k e  o f  th e  Chalk changes from ap p ro x im a te ly  N4 5 ^ •  a t  
s o u th e rn  l o c a l i t i e s  t o  - N 40^C. a t  n o r th e rn  l o c a l i t i e s .
The mean s t r i k e  d i r e c t i o n s  f o r  a l l  th e  l o c a l i t i e s  sampled in  
th e  C h i l t e r n s  a re  l i s t e d  i n  Table V . A l l  j o i n t s  measured in  th e  
C h i l t e r n s  a re  p l o t t e d  a s  a  f req u en cy  polygon in  F ig .  48* The 
s i x  main j o i n t  d i r e c t i o n s  re c o g n ise d  e a r l i e r  a r e  s t i l l  a p p a re n t .
The fo rm a t io n  o f  th e  j o i n t s  i s  su g g es ted  to  be s i m i l a r  to  t h a t  
a l r e a d y  d e s c r ib e d  f o r  th e  l o c a l i t y  a t  South  Mimms. The and Jg  
j o i n t  s e t s  a re  c o n s id e re d  t o  be s h e a r  f r a c t u r e s  r e l a t e d  t o  th e  
main s y n c l i n a l  f o ld  o f  th e  London B a s in ,  The and j o i n t  
s e t s  a re  p robab ly  t e n s i o n  j o i n t s .  The d i r e c t i o n  b i s e c t s  th e  
a c u te  ang le  between th e  and J g  j o i n t  s e t s ,  and th e  d i r e c t i o n  
c o in c id e s  w i th  th e  s t r i k e  o f  th e  Chalk, and th e  a x is  o f  the  
secondary  f l e x u r e s  developed  on th e  n o r th e r n  limb o f  th e  main 
s y n c l i n a l  , fo ld .  The a c u te  ang le  between th e  J  and J  j o i n t r s e t si x y
i s  u s u a l l y  b i s e c t e d  by th e  J ,  j o i n t  s e t  d i r e c t i o n .  The J  and Jj  x y
j o i n t s  may be s h e a r  j o i n t s  r e l a t e d  t o  th e  secondary  f l e x u r e s .  
W ooldridge and L in to n  (1955) su g g e s t  t h a t  a s e r i e s  o f  p a r a l l e l  
a n t i c l i n a l  and s y n c l i n a l  f o ld s  w i th  axes  t r e n d in g  N.W .-S.E. e x i s t  i n  
th e  C h i l t e r n s .  They c i t e  a s  ev idence  th e  l i n e s  of Eocene o u t l i e r s  
a l ig n e d  p a r a l l e l  w i th  th e  s t r i k e  o f  th e  Chalk.
. The s t r u c t u r a l  geo logy  of th e  Cambridge a re a  has been  d e s c r ib e d  
i n  some d e t a i l  by Worssam and T ay lo r  ( 1 969) • One l o c a l i t y  sampled 
by th e  a u th o r ,  t h a t  o f  Reach, occurs  i n  t h i s  a r e a .  The immediate
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v i c i n i t y  o f  Reach i s  dominated by a s y n c l i n a l  a x i s  t r e n d in g  
1 5 0 ^ .  The j o i n t s  re c o g n ise d  a t  t h a t  l o c a l i t y  a re  i n  acco rd  
w i th  t h i s  s t r u c t u r e .  They a re  a t e n s io n  j o i n t  s e t  p a r a l l e l  
t o  th e  a x i s  o f  t h a t  f o ld ,  and th e  r e g io n a l  s t r i k e ,  and two 
s e t s  ‘o f  sh ea r  j o i n t s  and J L i t t l e  o th e r  d e t a i l e d  
s t r u c t u r a l  d a ta  ap p ea rs  t o  be a v a i l a b l e  f o r  th e  a re a  s tu d ie d ,  
by th e  a u th o r .
The mean s t r i k e  d i r e c t i o n s  o f  j o i n t  s e t s  measured a t  
each  of th e  l o c a l i t i e s  sampled a re  shown in  F ig .  49. I n  F ig .  50 
f a u l t s  a re  shown p l o t t e d  on a s te reo g ra m . Few f a u l t s  were 
observed  and th ey  do n o t  ap p ea r  to  be con fin ed  to  d e f i n i t e  
d i r e c t i o n s .
7 .4 .5  B e e r .  Devon
The r e s u l t s  o f  th e  f r a c t u r e  su rvey  conducted i n  th e  
C h i l t e r n s  in d i c a te d  t h a t  a d e f i n i t e  f r a c t u r e  p a t t e r n  i s  
r e c o g n i s a b le  over a l a rg e  a r e a ,  and t h a t  th e  p a t t e r n  i s  
r e l a t e d  t o  th e  o v e r a l l  s t r u c t u r e .  I n  th e  C h i l t e r n s  th e  
r e l a t i o n  o f  th e  f r a c t u r e  p a t t e r n  t o  th e  s t r u c t u r e  had been  
ach ieved  by c o r r e l a t i n g  f r a c t u r e s  measured a t  i s o l a t e d  
exposu res  w i th  s t r u c t u r e s  su g g es ted  by o th e r  w o rk e rs .  At 
B e e r  i n  E as t  Devon th e  o p p o r tu n i ty  v;as ta k e n  to  a t tem p t,  a 
more c o n t r o l l e d  c o r r e l a t i o n  between f r a c t u r e  p a t t e r n  and 
s t r u c t u r e .
The v i c i n i t y  o f  B ee r  i s  dominated by a s y n c l i n a l  f o ld  
c a l l e d  th e  B eer S yn c lin e  (S m ith ,  1965) .  I n  th e  c l i f f s  th e
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pig.A-R. Map of Chokes of fracture, se ts  a t localities in th e  northern 
C hilterns.
2.15
N.
S.
ia.50. S+ereoaram of faults observed in the Cb'ilferns.
fo l lo w in g  s t r a t a  a re  exposed:
Zone Approximate th ic k n e s s
( metres)
U pper Chalk M ic r a s te r  c o r te s tu d in a r iu m  10
•H o la s te r  ( S te n o ta x is )  p lanus -20
M iddle Chalk T e r e b r a tu l in a  l a t a  50
Inoceram us l a b i a t u s  5
e r o s io n  s u r fa c e
Cenomanian L im estone
e ro s io n  s u r fa c e  - - - - - - - - - - - -
Upper Greensand (Top Sandstones) seen  tb  2
The a c c e s s i b l e  p a r t  o f  th e  s e c t i o n  in  which d ip  and s t r i k e  
measurements were made c o n s i s te d  o f  Upper Greensand, Cenomanian 
L im estone and th e  lower p a r t  o f  th e  M iddle Chalk , M easurements 
.were made a t  th r e e  s e p a r a t e  p la c e s  i n  th e  c l i f f s  a t  West Beach,
At two o f  th e s e  p la c e s  th e  d ip  o f  th e  bedding  ?;as abou t 5 °^ « ; 
a t  th e  t h i r d  p lace  th e  d ip  in c re a s e d  t o  15-20^E. The d ip  and 
s t r i k e  measurements f o r  th e s e  th r e e  p la c e s  a r e  shown p l o t t e d  on 
■s te ro g ram s  in  F ig s ,  51 b ,  c .  The s te reo g ram s su g g es t  the  
p re sen ce  o f  two s e t s  o f  s h e a r  j o i n t s ,  J .  and J 0 and two s e t s  o fI d j U r  ’ l
t e n s i o n  j o i n t s ,  and J ^ ,  Tension  j o i n t  i n t e r s e c t s  th e  
a c u te  ang le  between th e  s h e a r  j o i n t s ,  and t e n s io n  j o i n t  i s  
a l ig n e d  p a r a l l e l  t o  th e  a x i s  o f  th e  f o l d .  The s te reo g ra m  ( F ig .  51 c) 
has t e n s i o n  j o i n t s  d ip p in g  mainly a t  a n g le s  o f  60~J0°'N. bu t . t h i s  
i s  c o n s i s t e n t  w i th  the  in c re a s e d  d ip  o f  th e  bedding  observed  a t  t h a t  
p l a c e . ------
The p a t t e r n  o f  j o i n t i n g  observed  a t  B eer  confirm s t h a t  th e  
j o i n t i n g  in  th e  Chalk i s  d i r e c t l y  r e l a t e d  to  th e  d i r e c t i o n s  o f
217
s.
ia.S\(a). Fractures observed c»t Locality 1 } Beer, Devon.
P\c^5l (b). Fractures observed at Locality Beer, Devon.
21&
MW.
Ftq. SI (c). Fractures otaerve.cl q1" Locality 3 ,  Devon.
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th e  s t r u c t u r a l  a x e s .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h i s  
r e l a t i o n s h i p  between j o i n t i n g  and f o ld in g  i s  m a in ta ined  f o r  
b o th  la rg e  and sm a l l  s c a l e  f o l d s .
7.4.4- The South Downs
The r e s u l t s  of th e  d i r e c t i o n a l  measurement o f  f r a c t u r e s  
i n  th e  C h i l t e r n s  and a t  B eer  i n d i c a te d  a good c o r r e l a t i o n  
between f r a c t u r i n g  and th e  o r i e n t a t i o n  o f  th e  f o ld  a x e s .
T h is  work was t h e r e f o r e  ex tended  t o  two o th e r  Chalk a r e a s  
i n  S o u th -e a s t  E ngland , th e  South  Downs and Thanet ( s e e  
S e c t io n  7.4*5) •
The mean s t r i k e  d i r e c t i o n s  o f  f r a c t u r e s  a t  l o c a l i t i e s  
examined i n  th e  South Downs between B r ig h to n  and E as tbourne  
a re  p lo t t e d  i n  F ig .  52 . A ll  th e  f r a c t u r e s  observed  were 
j o i n t s .  A f req u en cy  polygon o f  th e  s t r i k e  d i r e c t i o n s  o f  a l l  
th e  measured j o i n t s  i s  g iv e n  in  F i g .  53* The mean s t r i k e  
d i r e c t i o n s  o f  th e  f r a c t u r e s  re c o g n is e d  a t  th e se  l o c a l i t i e s  
a re  a l s o  i i s t e d  i n  Table V I .  The mean s t r i k e  d i r e c t i o n  f o r  
each  f r a c t u r e  s e t  v a r i e s  v e ry  l i t t l e  from s t a t i o n  t o  s t a t i o n ,  
a l th o u g h  only  a t  one s t a t i o n  a re  a l l  s i x  f r a c t u r e  d i r e c t i o n s  
deve lo p ed .  The f r a c t u r e  p a t t e r n  i s  v e ry  s im i l a r  t o  t h a t  
r e c o g n is e d  in  th e  C h i l t e r n s .
220
-ts
CD X
< r
Fig 
52.
. M
ap 
of 
stri
kes
 o
f -
fra
ctu
re 
sets
 a
t l
oca
liti
es 
in 
the
 
Sou
th 
Do
wn
s.
hT
in <vj
t.4- Ifi
«L<na4-
£a I
£%o
C3o<01001
t)
■f
c
ii
- 2
%
”0*d*
b</?-00
!■'5
"a
i Tc)cr?|d
b
Mr
c
or?
JPoa -
m
t
i t
0J£t
c-
'5
4-v/)c
c h
d
“d<j
_o
a -
COrO
IL  Wl
2Z2
TABLE VI Summary of  s y s te m a t ic  j o i n t  s e t s  r e c o g n ise d  in  th e  
South Downs
J o i n t  Modal s t r i k e  
s e t  d i r e c t i o n
Mean d ip  $  o f  l o c a l i t i e s  t f o  o f  l o c a l i t i e s  
ang le  sampled a t  which sampled a t  which
s e t  developed p a i r  of s e t s
developed
y
N20°vV. (160°) 8 8 % 67
N40% (040°)
oONCO 58
N 80% . (100°) 89 % 83
N 10% . (010°) 8 8 % 58
(060°) 8 7% 75
N45Qtf. (155°) VO o o 67
50
50
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7.4*5 The I s l e  o f  Thanet
Measurement o f  f r a c t u r e s  has a l s o  been u n d e r ta k e n  in  th e  
c l i f f  s e c t i o n s  o f  T h an e t .  During the  f i e l d  work a  d i s t i n c t i o n  
was made between j o i n t s  and f a u l t s .  The mean s t r i k e  d i r e c t i o n s  
o f  th e  j o i n t s  a t  l o c a l i t i e s  examined- a re  p l o t t e d  i n  P ig .  54*
The mean s t r i k e  d i r e c t i o n s  o f  th e  j o i n t s  r e c o g n ise d  a t  
th e se  l o c a l i t i e s  a re  l i s t e d  i n  Table V I I , The f r a c t u r e  p a t t e r n  
i s  s i m i l a r  t o  t h a t  r e c o g n ise d  i n  th e  C h i l t e r n s  and South Downs, 
The i n t e n s i t y  of th e  j o i n t i n g  v a r i e s  between j o i n t  s e t s .  The 
J  j o i n t s  a re  p a r t i c u l a r l y  w e l l -d e v e lo p e d ,  a s  a re  th e  and 
j o i n t s .  There i s  no r e a d i l y  ap p a re n t  r e a s o n  f o r  th e  e s p e c i a l l y
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prom inent j o i n t i n g  in  th e  d i r e c t i o n s .
TABLE VII Summary o f  s y s te m a t ic  j o i n t  s e t s  r e c o g n ise d  i n  
th e  I s l e  o f  Thanet
J o i n t  Modal s t r i k e  Mean d ip  °/o o f  l o c a l i t i e s  fo o f  l o c a l i t i e s
s e t  d i r e c t i o n  an g le  sampled a t  which sampled a t  which
s e t  developed  p a i r  o f  s e t s
deve loped .
J 1 N20°vV. (1 60°) 8 8 % . 72
J 2 N40°fc. ( 040°) 87% . 67 m
50
' J 5 N 80% . (100°)
&COCO 67
J4 N 5 % . (005°) ' 8 1 % . 89
r 50
J x N70% .  (070°) 85% . 56
J y N60°v7. (1 20°) 90° 94
► . 50
7 . 4 .6 The N o r th  Downs
Although on ly  a l i m i t e d  number o f  l o c a l i t i e s  have been sampled, 
s u f f i c i e n t  ev idence  has been  o b ta in e d  to  i n d i c a t e  t h a t  a s im i l a r  
f r a c t u r e  p a t t e r n  e x i s t s  i n  th e  N o r th  Downs in  K ent t o  t h a t  e x i s t i n g  in  
th e  South Downs and T h an e t .  The mean s t r i k e  d i r e c t i o n s  o f  f r a c t u r e s  a t  
l o c a l i t i e s  v i s i t e d  i n  th e  N o r th  Downs a re  shown i n  Table V I I I ,
TABLE V I I I  Mean s t r i k e  d i r e c t i o n s  o f  s y s te m a t ic  j o i n t . s e tg n re o o g n ise d  
i n  th e  N o r th  Downs
J o i n t  s e t  
J_
Mean s t r i k e  d i r e c t i o n  
N 20% . (160°)
N53°E. (033°) :
N 69% . (091°)
o • (000°) 
(053°) 
N54HV, ( 126°)
NO 
N53&.
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7*4*7 The I s l e  o f  Wight
The measurement o f  f r a c t u r e s  t h a t  has been d e s c r ib e d  in  
S e c t io n s  7*4*1 -  7*4*6 was u n d e r ta k en  i n  a r e a s  i n  which th e  
s t r u c t u r a l  geo logy  i s  r e l a t i v e l y  simple,, Those a r e a s  a re  
m ain ly  a f f e c t e d  by open f o ld s  o f  v a ry in g  m agnitude. To 
examine the  e x t e n t  t o  which f r a c t u r i n g  i s  d e te rm in a b le  and 
i s  c o n s i s t e n t  in  a r e a s  o f  more com plica ted  s t r u c t u r a l  geo logy , 
measurement o f  f r a c t u r e s  was made a t  l o c a l i t i e s  in  th e  I s l e  
o f  Wight* The r e s u l t s  o f  th e s e  measurements i n d i c a t e  t h a t  
even i n  a r e a s  o f  more com plica ted  s t r u c t u r a l  geology f r a c t u r e  
o r i e n t a t i o n s  a re  s t i l l  r e a s o n a b ly  c o n s i s t e n t ,  and th e  same 
f r a c t u r e  o r i e n t a t i o n s  may be measured a t  l o c a l i t i e s  s e v e r a l  
k i lo m e t re s  a p a r t .
As the  f r a c t u r e  p a t t e r n  i n  th e  Chalk o f  the  I s l e  o f  Wight
i s  more complex th a n  in  th e  o th e r  a r e a s  examined, a comprehensive
i n v e s t i g a t i o n  o f  th e  s t r i k e  o r i e n t a t i o n s  would r e q u i r e  more d a ta  i
th a n  t h a t '  o b ta in e d  by th e  p r e s e n t  a u t h o r .  N e v e r th e le s s ,  a 
f req u en cy  polygon p lo t  o f  th e  s t r i k e  d i r e c t i o n s  o f  a l l  th e  
f r a c t u r e s  measured i n d i c a t e s  th e  p resence  o f  a t  l e a s t  th r e e  main 
f r a c t u r e  s e t s  ( F i g .  55) • When th e  group o f  f r a c t u r e s  w i th  a 
mean d ip  o f  100° was a n a ly se d  in  more d e t a i l ,  i t  was found to  be 
composed o f  a t  l e a s t  two s e p a r a te  f r a c t u r e  s e t s .  One f r a c t u r e  
s e t  co rresponds  to  th e  bedding  p la n e s  w ith  a mean s t r i k e  o f  100° 
and a t y p i c a l  d ip  an g le  o f  65-68° N . The second f r a c t u r e  s e t  
has  a s i m i l a r  mean s t r i k e  o f  100° b u t  a t y p i c a l  d ip  ang le  o f  
5 0 -5 5 % • The bedd ing  p la n e s  have been in c lu d ed  in  t h i s  a n a l y s i s
226
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as  th e  f i e l d  work d e s c r ib e d  in  C hapter 5 has shown t h a t  they  
a re  p a r t i c u l a r l y  im p o rtan t  in  c o n t r o l l i n g  s lo p e  f a i l u r e s  in  th e  
I s l e  o f  Wight.
7*5 A n a ly s is  of d ip  measurements o f  f r a c t u r e s
7 .5 .1  I n t r o d u c t i o n
R eco g n i t io n  o f  th e  main f r a c t u r e  d i r e c t i o n s  i s  co n s id e re d  
by th e  a u th o r  t o  be im p o r ta n t  in  th e  d e te rm in a t io n  o f  th e  e f f e c t  
o f  th e s e  f r a c t u r e s  on th e  s t a b i l i t y  o f  ro ck  s lo p e s .  I n  a d d i t i o n ,  
th e  d ip  o f  th e s e  f r a c t u r e s  i s  o f  g r e a t  im p o r tan ce .  For example, 
a f r a c t u r e  s lo p in g  downwards tow ards th e  fa c e  o f  a' s lo p e ,  and 
i n c l in e d  a t  an ang le  o f  70° from th e  h o r i z o n t a l ,  w i l l  no rm ally  
be more l i k e l y  t o  cause i n s t a b i l i t y  th a n  a f r a c t u r e  w i th  s im i l a r  
s t r i k e  a l s o  s lo p in g  downwards tow ards th e  fa c e  o f  the  s lo p e ,  bu t 
i n c l in e d  a t  an ang le  o f  20° from th e  h o r i z o n t a l .
A s tu d y  has t h e r e f o r e  been made by th e  a u th o r  o f  th e  d ip  
a n g le s  o f  f r a c t u r e s  measured in  th e  f i e l d .  This s tu d y  has beeni
u n d e r ta k e n  f o r  d a t a  c o l l e c t e d  i n  th e  C h i l t e r n s ,  th e  I s l e  o f  T hane t,  
th e  South  Downs and th e  I s l e  o f  W ight,
7 .5 .2  The C h i l t e r n s
The i n v e s t i g a t i o n  of th e  s t r i k e  d i r e c t i o n s  o f  f r a c t u r e s  
en ab led  s i x  main f r a c t u r e  s e t s  t o  be re c o g n ise d  i n  th e  C h i l t e rn s  
( s e e  S e c t io n  7*4*2).  The d ip  a n g le s  o f  each  o f th e se  s i x  j o i n t  
s e t s  have been  an a ly se d  s e p a r a t e l y  f o r  l o c a l i t i e s  i n  th e  n o r th e rn  
C h i l t e r n s  and f o r  l o c a l i t i e s  in  th e  s o u th e rn  C h i l t e r n s .  The 
r e s u l t s  a re  shown d ia g ra m m a tic a l ly  f o r  th e  n o r th e r n  C h i l t e r n s
228
i n  F ig ,  56 , f o r  th e  s o u th e rn  C h i l t e r n s  i n  F ig .  57> and f o r  a l l  
l o c a l i t i e s  sampled i n  th e  C h i l t e r n s  in  F ig .  58* Except f o r  
j o i n t  s e t ,  J ^ ,  th e  mean d ip  a n g le s  o f  each  o f  th e se  s e t s  a r e  
s i m i l a r  f o r  th e  n o r th e r n  and s o u th e rn  C h i l t e rn s  (T ab le  IX)
TABLE IX R e s u l t s  o f  A n a ly s is  o f  Dip Angles measured i n  th e  
C h i l t e r n s
U o r th e r n  S o u the rn  A l l
J o i n t  Mean ajo o f  J o i n t s  Mean °Jo o f  J o i n t s  Mean °/o o f  J o i n t s
S e t . Dip
Angle
w ith  d ip  
an g le  o f  90°
Dip
Angle
w i th  d ip  
an g le  o f  90°
. Dip 
Angle
w ith  d ip  
ang le  o f  90
J 2 84% . 17 8 7 % . 21 85%U 18
J x
c?GOGO 17 8 1 % . 14 86%". 16
J 3 OD V>
l 6?
'
• 7 8 8 % . 60 . 88%. 21
J y 8 9 % . 6 90° 3 6 - 90° 19
J 1 90° 6 8 7 % . 14 90° 8
J 4 8 8 % . 55 89% . 27 8 8 % . 52 .
The r e s u l t s  i n d i c a t e  t h a t  th e  d ip  a n g le s  o f  j o i n t s  a re
i
ex tre m e ly  - v a r i a b l e • A lthough only  1$$ o f  a l l  th e  j o i n t s  measured 
i n  th e  C h i l t e r n s  had a d ip  o f  90°» 5 ^  o f  th e  j o i n t s  a r e  i n c l i n e d  
a t  d ip  a n g le s  g r e a t e r  th a n  80° . The low est d ip  ang le  re c o rd e d  
was 40° bu t on ly  2fo o f  j o i n t s  had a d ip  ang le  o f  l e s s  th a n  50°•
7*5*3 The I s l e  o f  Thanet
S ix  f r a c t u r e  s e t s  have been  re c o g n ise d  in  th e  I s l e  o f  Thanet 
( S e c t i o n  7*4*5)* The r e s u l t s  o f  an  a n a l y s i s  o f  th e  d ip  a n g le s  
o f  j o i n t s  b e lo n g in g  to  each  o f  th e s e  f r a c t u r e  s e t s  i s  shown 
d ia g ra m m a tic a l ly  i n  F ig .  59* The mean d ip  a n g le s  f o r  each  of
229
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oth e s e  j o i n t  s e t s  and th e  p e rce n tag e  o f  j o i n t s  w ith  a d ip  o f 90° 
a re  g iv e n  in  Table X .
TABLE X. R e s u l t s  o f A n a ly s is  o f D ip Angles m easured in  th e  
I s l e  o f  Thanet
J o i n t  S e t Mean Dip Angle o f  J o in t s  w ith  d ip  an g le  o f 90
J 4 8 1 % . 20
J 2 87%. 9
J x  8 5 % . 11
J ^  8 8 % . 11
J  90°  22y
J 1 8 8 % . 17
The r e s u l t s  a re  s im i la r  t o  th o se  o b ta in ed  in  th e  C h il te rn s s
o f  j o i n t s  have a d ip  o f  90° ,  and 6(y/o o f  th e  j o i n t s  a r e  in c l in e d
0-a t  d ip  a n g le s  g r e a t e r  th a n  80 • The lo w est d ip  an g le  m easured f o r  
a j o i n t  was 11°, b u t o n ly  41° o f  j o i n t s  had a d ip  an g le  o f l e s s  th a n  50° .
7 .5 .4  The South  Downs
S ix  f r a c t u r e  s e t s  w ere re c o g n ise d  in  th e  South  Downs (S e c t io n  7*4*4) 
The r e s u l t s  o f an  a n a ly s i s  o f th e  d ip  a n g le s  o f  each  o f th e se  f r a c t u r e s  
s e t s  i s  shown d ia g ra m m a tic a lly  in  F ig ,  60. The mean d ip  a n g le s  f o r  
each  o f th e se  s e t s  and th e  p e rc e n ta g e  o f  j o i n t s  v^ith a d ip  o f 90° a re  
g iv e n  in  Table X I .
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Fig- 6 0 . F requency polygons of percentages of joints plotted Qgainst 
their* angles o f dip fo r  each  of th e , six jo in t s e t s  recognised a t  
localities in t h e  S o u t h  O ovons. 23&
TABLE X I « R e s u lts  o f A n a ly s is  o f Dip Angles measured in  th e  
South  Downs
J o in t  S et Mean Dip Angle °/o o f  J o in t s  w ith  d ip  ang le  o f  90°
J .  8 8 ^ .  04
J 2 89°to. 11
J x  8 7 ^ .  8
J^ 89^- 9
J  90° 16yJ, 8 8 ^ . 15
The r e s u l t s  d i f f e r  from th o se  o b ta in ed  i n - t h e . C h i l te r n s .  O nly 
Gj/o o f  a l l  th e  j o i n t s  m easured have a d ip  o f  90°, and p n ly  40^ o f 
a l l  th e  j o i n t s  a re  in c l in e d  a t  d ip  a n g le s  g r e a t e r  th a n  80°. The 
lo w est d ip  an g le  m easured f o r  a j o i n t  was 15°» on ly  (3/q o f 
j o i n t s  had a d ip  angle-, o f  l e s s  th a n  50°*
7 .5 .5  The I s l e  of-W ight
The r e s u l t s  o f an  a n a ly s i s  o f th e  d ip  a n g le s  o f f r a c t u r e s  
Im easured in  th e  I s l e  o f  Wight i s  shown d ia g ra m m a tic a lly  in  F ig , 61 . 
T his shows two main c o n c e n tra t io n s  o f  d ip  a n g le s  a t  7 0 ^ .  and 5 0 ^  . 
The c o n c e n tr a t io n  a t  7 0 ^ .  co rresp o n d s  to  th e  b ed d in g . O nly '‘y/o 
o f  th e  f r a c tu r e s  m easured have a d ip  ang le  o f  90°> an<* on ly  11?& 
have a d ip  an g le  ex ceed in g  80° ( F ig .  6 2 ) . The lo w est d ip  an g le  
m easured f o r  a  f r a c t u r e  was 5°> an& 32^ o f th e  f r a c t u r e s  observed  
had a d ip  an g le  o f l e s s  th a n  5 0 ° . Thus th e re  i s  a  much g r e a te r  
v a r i a t i o n  in  d ip  a n g le s  in  th e  I s l e  o f  Wight th a n  in  th e  o th e r  
a re a s  in v e s t ig a te d .
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Pig. 62.. Percentage. of fra ctu res observed in th e  X sle  of Uitght
plo-fted a g a in st th e ir  dip a n g les  • (a) a\\ fra c tu res  > ^ ex c lu d in g  
bedding p lan es.
d2ft
7*6 D isc u ss io n
The measurement o f  f r a c t u r e  o r i e n t a t i o n  in  the  a r e a s  
i n v e s t i g a t e d  i n d i c a t e s  t h a t  d e f i n i t e  f r a c t u r e  p a t t e r n s  may "be 
r e c o g n i s e d .  These f r a c t u r e  p a t t e r n s  have been  shown t o  be 
r e l a t e d  to  th e  r e g i o n a l  and l o c a l  s t r u c t u r a l  geo logy . This  
r e s u l t  i s  b e l ie v e d  to  be o f  some im portance .  I t  shows t h a t  
f r a c t u r e s  te n d  t o  be co n f in ed  t o  p a r t i c u l a r  d i r e c t i o n s  t h a t  
may be de term ined  i n  th e  f i e l d .  I f  the  s t r u c t u r a l  geology 
in c lu d in g  th e  d i r e c t i o n s  of th e  f o ld  a x e s ,  i s  known a l r e a d y  
th e n  th e  l i k e l y  f r a c t u r e  p a t t e r n  may be p re d ic te d  p r i o r  t o  
f i e l d  m easurem ents. However, a l th o u g h  th e  main f r a c t u r e  
d i r e c t i o n s  may be p r e d ic te d  i f  s u f f i c i e n t  d e t a i l s  o f  th e  
s t r u c t u r a l  geo logy  a re  known, th e  r e l a t i v e  i n t e n s i t y  o f  th e  
f r a c t u r i n g  in  th e se  d i r e c t i o n s  i s  n o t  r e a d i l y  p r e d i c t a b l e .
The su rvey  u n d e r ta k en  in  Thanet where one f r a c t u r e  d i r e c t i o n  
was found to  be e s p e c i a l l y  dom inant, i l l u s t r a t e s  th e  v a r i a t i o n
t h a t  may o c c u r .
I
The d i r e c t i o n s  and a n g le s  o f  d ip  o f  th e  f r a c t u r e s  have 
been found t o  v a ry .  A lthough f r a c t u r e s  be long ing  t o  a p a r t i c u l a r  
s e t  do ten d  t o  have s i m i l a r  d ip s ,  some la rg e  v a r i a t i o n s  have been 
o b se rv ed .  T h is  v a r i a t i o n  may in d i c a t e  t h a t  a l a r g e r  number of 
f r a c t u r e  s e t s  may e x i s t ,  and t h a t  some of th e  f r a c t u r e  s e t s  
r e c o g n is e d  i n  t h i s  work rnay be c o n s t i t u t e d  by what a re  a c t u a l l y  
s e v e r a l  s e p a ra te  s e t s  o f  f r a c t u r e s .  More d e t a i l e d  i n v e s t i g a t i o n s  
would be n e c e s s a ry  t o  e s t a b l i s h  i f  t h i s  i s  so .
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A lthough a t  each  l o c a l i t y  and in  each  a re a  th e  r e c o g n i t io n  
o f  a  number o f  main f r a c tu r e  d i r e c t io n s  has been p o s s ib le ,  som etim es 
f r a c t u r e s  have been  observed  t h a t  do n o t r e a d i ly  co rresp o n d  to  
th o se  main d i r e c t i o n s .  T h e re fo re , a t  a p a r t i c u l a r  l o c a l i t y  th e re  
may occur any number o f  f r a c tu r e s  t h a t  a re  n o t in  p r e d ic ta b le  
d i r e c t i o n s .  The method adop ted  f o r  th e  r e c o g n i t io n  o f  th e  f r a c tu r e  
s e t s  i s  based  on th e  d e te rm in a tio n  o f a mean s t r i k e  v a lu e , and 
th e  p a r t i c u l a r  c o n c e n tra t io n s  may in v o lv e  f r a c tu r e s  w ith  s t r i k e s  
u s u a l ly  v a ry in g  over abou t 20° o f  th e  com pass.
M ost f r a c t u r e s  observed  in  th e  Chalk have been j o i n t s .  For 
exam ple> in  T hanet f a u l t s  which were en co u n te red  more f r e q u e n t ly  
th a n  e lse w h e re , r e p r e s e n t  o f  a l l  th e  observed  f r a c t u r e s .  I n
th e  C h i l te rn s  f a u l t s  r e p r e s e n t  2 o f th e  observed  f r a c t u r e s .
I o  d i r e c t i o n a l  c o n c e n tra t io n s  o f  th e se  f a u l t s  has been  r e c o g n is a b le .
The r e c o g n i t io n  o f f r a c tu r e  d i r e c t io n s  i s  co n s id e re d  to  be o f
im portance when a s s e s s in g  th e  s t a b i l i t y  o f ro c k  s lo p e s .  F a i lu r e
i ’
o f  s te e p  ro c k  s lo p e s  n o rm ally  o ccu rs  a lo n g  p r e - e x i s t in g  f r a c tu r e  
p la n e s  as  d is c u s s e d  in  C h ap te rs  3 and 5* To a s s e s s  th e  s t a b i l i t y  
o f  a  s p e c i f i c  ro c k  s lo p e  th e  o r ie n ta t io n s  o f  th e  f r a c t u r e s  p re s e n t 
w ith in  t h a t  s lo p e  a re  r e q u i r e d .  I f  th e  o r ie n ta t io n s  o f th e se  
f r a c t u r e s  a re  known a th r e e  d im en s io n a l assessm en t o f  th e  s t a b i l i t y  
i s  p o s s ib le .  The o r i e n t a t i o n s  o f  any f r a c tu r e  or f r a c tu r e  s e t  i s  
u s u a l ly  co n s id e re d  in  te rm s o f i t s  d ip  and s t r i k e .
The r e s u l t s  o f th e  a u th o r1 s Y /o rk  in d ic a te  t h a t  th e  main s t r i k e  
d i r e c t io n s  o f th e  f r a c t u r e s  a re  re a so n a b ly  c o n s ta n t f o r  a  p a r t i c u l a r
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a r e a ,  d e f in e d  in  te rm s o f g e o lo g ic a l  s t r u c t u r e .  The a u th o r ’ s work 
has d e fin e d  th e se  s t r i k e  d i r e c t io n s  f o r  c e r t a in  Chalk a r e a s .  The 
l i k e l y  s t r i k e  d i r e c t io n s  to  be en co u n te red  w ith in  a s p e c i f i c  
e x i s t in g  s lo p e  may be p re d ic te d  th e n  w ith  some c e r t a i n t y .  The 
s t r i k e  d i r e c t io n  o f th e se  f r a c tu r e s  may th e n  be used  in  a 
s t a b i l i t y  a n a ly s is  o f th e  s lo p e  under c o n s id e r a t io n .
\
The d ip  a n g le s  and d i r e c t io n s  w ith in  th e  Chalk a re  somehwat 
l e s s  un ifo rm  th a n  th e  s t r i k e  d i r e c t i o n s .  However, some im p o rtan t 
p o in ts  have emerged from th e  w ork. Most f r a c tu r e s  a re  in c l in e d  
a t  a n g le s  a t  or n e a r  th e  v e r t i c a l *  For exam ple, in  th e  C h il te rn s  
9 ^  o f a l l  observed  j o i n t s  a re  in c l in e d  a t  a n g le s  o f TO° or more 
( a s  m easured from  th e  h o r iz o n ta l)  •
The average  a n g le  f o r  each  f r a c tu r e  s e t  i s  u s u a l ly  90°, o r
n e a r  to  90°* When th e  r e s u l t s  from  th e  C h i l te rn s ,  th e  I s l e  o f
T hanet and th e  South Downs a re  compared (T ab le  X I l ) , th e  m a jo r i ty
o f  f r a c t u r e s  a re  found to  have d ip  a n g le s  g r e a te r  th a n  80°. T h is 
I '
p ro b ab ly  e x p la in s  why th e  m a jo r ity  o f  f a i l u r e s  observed  in  c h a lk
s lo p e s  (C h ap te r  5) ta k e  p la c e  by p lan ar, r o c k f a l l s  r a t h e r  th a n  by
s l i d i n g .  I n  th e  South Downs a re a  s l id in g  f a i l u r e s  would be
ex p ec ted  to  be more common th a n  in  th e  C h il te rn s  o r I s l e  o f  T h an e t,
s in c e  on ly  40^ o f j o i n t s  have d ip  a n g le s  ex ceed ing  80° and ($> o f
j o i n t s  have d ip  a n g le s  o f l e s s  th a n  50 ° . There i s  th e r e f o r e  some
v a r i a t i o n  from  a re a  t o  a r e a .
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TABLE X II Comparison o f  r e s u l t s  o f a n a ly se s  o f d ip  a n g le s  measured 
in  th e  C h i l te r n s ,  I s l e  o f T hane t, South Downs and I s l e  
o f W ight.
jo o f  f r a c tu r e s  jo o f  f r a c tu r e s  jo o f  f r a c tu r e s  Minimum
w ith  d ip  a n g le  w ith  d ip  an g le  w ith  d ip  an g le  d ip  an g le
o f 90 exceed ing  80° o f l e s s  th a n  m easured
50°
C h il te rn s  N • 16 54 3 -P* O O
. ■. S . 26 66 2 45°
A ll 19 56 3
00
I s l e  o f Thanet 18 60 4 110
S outh Downs 8 40 6 15°
I s l e  o f Wight 5 11 33 5°
N o te .  Dip a n g le s  f o r  C h i l te r n s ,  I s l e  o f Thanet and South Downs a re  
th o se  f o r  j o i n t s  o n ly . Dip A ngles fo r  th e  I s l e  o f Wight a re  
f o r  bedd ing  p la n e s  and j o i n t s .
The r e s u l t s  f o r  th e  I s l e  o f  Wight show a  s ig n i f i c a n t  v a r i a t i o n
from  th o se  o b ta in ed  f o r  th e  C h i l te r n s ,  I s l e  o f Thanet and South  Downs.
Dip a n g le s  o f  bedd ing  p la n es  have been  in c lu d ed  in  th e  a n a ly s is  o f
f r a c tu r e s .o b s e r v e d  in  th e  I s l e  o f Wight s in c e ,  a s  a lre a d y  m entioned , i
th e y  c o n t ro l  many o f  th e  s lo p e  f a i l u r e s  w hich have been  seen  th e r e .
I n  th e  C h i l te r n s ,  I s l e  o f  T hanet and South Downs th e  d ip  o f th e  
bedd ing  r a r e l y  exceeds 10° and th e re f o r e  i t  does n o t e x e r t  such a 
s ig n i f i c a n t  c o n t ro l  on s lo p e  f a i l u r e s .
I n  th e  I s l e  o f Wight 7 o f  observed  f r a c t u r e s  have a d ip  
an g le  o f l e s s  th a n  80°, and s l id i n g  f a i l u r e s  would th e re fo re  be 
ex p ec ted  to  be more..common th a n  in  th e  o th e r  a r e a s .  The f i e l d  
ev id en ce  d e sc r ib e d  in  C hapter 5 does su g g es t t h a t  s l i d i n g  f a i l u r e s
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a re  more f re q u e n t in. th e  c o a s ta l  s lo p e s  o f th e  I s l e  o f Wight th a n
in  th e  o th e r  a re a s  exam ined.
7 .7  C onclusions
(a )  D e f in i te  f r a c tu r e  p a t te r n s  may he re c o g n ise d  w ith in  th e  C halk .
(b ) The f r a c tu r e  p a t te r n s  re c o g n ise d  a re  r e l a t e d  to  r e g io n a l  and
lo c a l  s t r u c t u r a l  g eo lo g y .
(c )  The f r a c tu r e  p a t t e r n  i s  c o n s is te n t  oyer a la rg e  a re a  i f  th e  
g e o lo g ic a l  s t r u c tu r e  rem ains c o n s ta n t ,
(d ) There i s  a la rg e  v a r i a t i o n  in  th e  d ip  an g les  f o r  any one
f r a c tu r e  s e t ,  h u t each  f r a c tu r e  s e t  does te n d  to  have a mean
d ip  an g le  o f 80 -90°•
(e )  I n  th e  a re a s  o f  r e l a t i v e l y  sim ple s t r u c t u r a l  geo logy  ( C h i l t e r n s ,
I s l e  o f T h an e t, Sou th  Downs) 94-97% o f j o i n t s  have d ip  a n g le s  
ex ceed in g  50°•
( f )  The dom inant d ip  a n g le s  o f j o i n t s  show s ig n i f i c a n t  v a r i a t io n s
in  th e  th r e e  a re a s  o f sim ple s t r u c t u r a l  geology exam ined: v e r t i c a l
j o i n t s  a re  most f re q u e n t i n  th e  C h il te rn s ,  w hereas j o i n t s  w ith  
d ip  a n g le s  o f l e s s  th a n  80° a re  more f re q u e n t in  th e  South Downs.
(g ) I n  th e  a re a s  o f  r e l a t i v e l y  sim ple s t r u c t u r a l  geo logy  f a u l t s  a re  
- n o t en co u n te red  f r e q u e n t ly .
(h ) No d i r e c t io n a l  p a t t e r n  has been  re c o g n ise d  f o r  th o se  f a u l t s  m easured
( i )  I n  th e  a re a  o f more complex s t r u c t u r a l  geo logy  examined ( th e  I s l e  
o f Wight) d ip  a n g le s  a re  more v a r ia b le  th a n  in  th e  a re a s  o f s im ple  
s t r u c t u r a l  g eo lo g y , w ith  33/° o f a l l  f r a c tu r e s  b e in g  in c l in e d  a t  
d ip  a n g le s  o f 5- 50°* ......
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8. FRACTURE SPACING
8,1 In t r o d u c t io n
The v a r i a t i o n  in  th e  sp ac in g  o f f r a c tu r e s  w ith in  th e  Chalk
was c o n s id e re d  to  be a f a c to r  r e q u i r in g  in v e s t ig a t io n ,  F ra c tu re d
ro ck  i s  l e s s  l i k e ly  to  form s te e p  s lo p e s .  S e v e ra l a u th o rs  have
proposed schemes f o r  th e  d e s c r ip t io n  o f f r a c tu r e  s p a c in g , f o r
example Deere ( 1968) ,  Fookes and Denness ( 1969) .  That g iv e n  Tby
Deere has been found u s e f u l  d u rin g  f i e l d  works
D e s c r ip t io n  Spacing
Very c lo se  50 nun.
Close 50 -  300 mm.
M odera te ly  c lo se  300 mm -  1 m.
Wide 1 -  3 m.
Very wide 3
A ttem pts have been  made to  c l a s s i f y  ch a lk  in to  a s e r i e s  o f 
g rad es  a s  d e sc r ib e d  in  S e c tio n  4 *6 . A lthough r e c o g n i t io n  o f  th e se  
g ra d e s  i s  p a r t l y  dependent on th e  amount o f f r a c tu r in g ,  l i t t l e ,  work
a p p ea rs  to  have been  u n d e rta k e n  to  d e term ine  th e  e x te n t  and cause
i _ *o f th e  v a r i a t io n s  in  f r a c t u r in g .  E a r ly  in  th e  r e s e a r c h  programme
f i e l d  work in d ic a te d  t h a t  th e  amount o f f r a c tu r in g  p re s e n t i s  n o t
r e l a t e d  only  to  th e  l i th o lo g y ,  .
Two main app roaches have been  a d o p ted . F ir s t ly , ,  f i e l d  s tu d ie s  
have been  u n d e rta k en  to  a s s e s s  th e  e x te n t  and cau ses  o f  v a r i a t io n s  
in  f r a c tu r e  sp a c in g . Secondly , g e o p h y s ic a l te c h n iq u e s  were used  
to  in v e s t ig a te  th e  p o s s i b i l i t y  o f p ro v id in g  a r e l a t i v e l y  sim ple 
and a c c u ra te  method f o r  th e  d e te rm in a tio n  o f  th e  f r a c tu r e  sp a c in g .
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8 ,2  O b se rv a tio n a l f i e l d  s tu d ie s
The sp ac in g  o f  f r a c tu r e s  has been  in v e s t ig a te d  a t  a la rg e  
number o f  l o c a l i t i e s .  D is t in c t io n  was made betw een p rim ary  and 
secondary  f r a c tu r e  sy s tem s . The p rim ary  system  c o n s is ts  o f th e  
main j o i n t s  th a t  occur a s  s e t s  and a re  th e re fo re  f a i r l y  c o n s ta n t 
in  d i r e c t io n ,  and form p la n e s  o f la rg e  a r e a l  e x te n t .  The p rim ary  
system  a l s o  in c lu d e s  some f a u l t s .  The secondary  f r a c t u r e  system  
c o n s is t s  o f minor f r a c tu r e s  which do n o t occur a s  s e t s ,  and each  
f r a c tu r e  i s  o f  l im ite d  a r e a l  e x t e n t .  The secondary  system  i s  
u s u a l ly  found superim posed on th e  p rim ary  sy stem . There a re  
some e x c e p tio n s , f o r  exam ple, th e  c lo se  f r a c t u r in g  th a t  occurs  
in  m arl bands w hich i s  a fu n c tio n  o f th e  l i th o lo g y ,  and th e  
crushed  c h a lk  in  a f i n e r  m a trix  t h a t  may occur a lo n g  m ajor f a u l t s ,
8 .2 .1  P rim ary  f r a c tu r e  system
As th e se  f r a c tu r e s  a re  t e c to n ic  in  o r ig in  t h e i r  sp ac in g  i s  
n o t g r e a t ly  a f f e c te d  by d e p th . A lthough sp ac in g s  f o r  each  s e t  o f 
f r a c t u r e s  p re  f a i r l y  c o n s ta n t a t  each  l o c a l i t y ,  th e re  i s  g r e a t  
v a r i a t i o n  betw een s e t s .  The average prim ary  f r a c tu r e  sp ac in g s  
re c o rd e d  a t  v a r io u s  l o c a l i t i e s  a re  g iv e n  in  Table X I I I .  D e ta i le d  
measurement o f  sp ac in g  betw een f r a c t u r e s  b e lo n g in g  to  d i f f e r e n t  
s e t s  a t  each  l o c a l i t y  would have been  in t e r e s t i n g  because  o f  th e  
v a r i a t i o n  no ted  betw een s e t s .  However, t h i s  was n o t u n d e rta k en  
a s  p a r t  o f th e  p re s e n t r e s e a r c h .
The p rim ary  f r a c t u r e s  in  th e  Chalk were found to  have an 
average sp a c in g  o f 0 .3  -  1 ,3  u .  The f r a c tu r e s  a re  commonly 
0 - 1 0  mm. w ide . At l o c a l i t i e s  where th e  ch a lk  i s  s i g n i f i c a n t l y
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s o f t e r  or m arly in  c h a ra c te r  th e  average  sp a c in g  i s  much re d u c e d . 
I n  such  c a se s  th e  sp ac in g  i s  u s u a l ly  75 -  500 mm. However, th e  
p rim ary  f r a c tu r e s  may u s u a l ly  he t r a c e d  from norm al ch a lk  th ro u g h  
th e  m arl band and in to  norm al c h a lk  a g a in .  The prim ary  f r a c tu r e s  
a re  l e s s  d i s t i n c t  in  th e  m arl bands because o f  th e  o th e r  numerous 
f r a c tu r e s  p r e s e n t .
I n  th e  v i c i n i t y  o f  th e  more im p o rtan t f a u l t s  th e  p rim ary  
f r a c tu r e  sp a c in g  has been observed  to  d e c re a se  m arkedly . I n  
a d d i t io n  to  an  in c re a s e  in  th e  f r a c tu r e  i n t e n s i t y  th e  jo in t in g  
te n d s  to  change so t h a t  i t  i s  in c l in e d  a t  th e  same an g le  a s  th e  
f a u l t - p l a n e .  This i s  p a r t i c u l a r l y  w e ll seen  in  th e  c l i f f  
s e c t io n  a t  P eg w ell Bay, T h an e t.
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8 , 2 .2  Secondary f r a c t u r e  system
The secondary  f r a c t u r e  system i s  v a r i a b l e  in  i t s  developm ent. 
Where t h e .c h a l k  i s  ex trem ely  hard  th e n ,  even in  s lo p e s  s u b je c t  t o  
w e a th e r in g ,  th e re  may be no development o f  secondary  f r a c t u r e s ,
I n  a p i t  a t  Barkway in  n o r t h - e a s t  H e r t f o r d s h i r e  th e  Top Rock i s  
exposed b u t  e x h i b i t s  few prim ary  f r a c t u r e s  and no secondary  
f r a c t u r e s  a t  a l l .  I n  f r e s h  exposu res  secondary  f r a c t u r e s  a re  
no rm ally  a b s e n t .  P resum ably th ey  a r e  developed as  a r e s u l t  o f  
ex p o su re .  The two p ro c e s s e s  t h a t  the  a u th o r  b e l i e v e s  to  r e s u l t  
i n  th e  p re s e n t  day development o f  th e se  secondary  f r a c t u r e s  a re  
s t r e s s  r e l i e f  and w e a th e r in g .  Secondary f r a c t u r e s  w i l l  be 
p r e s e n t  even in  f r e s h l y  excava ted  s lo p e s  i f  the  cha lk  form ing th o se  
s lo p e s  has undergone w e a th e r in g  o r  movement in  g e o lo g ic a l  t im e .
M arly ch a lk s  a l s o  e x h i b i t  v e ry  c lo se  f r a c t u r i n g  as  do some o f th e  
b r e c c i a t e d  ch a lk s  o c c u r r in g  a long  f a u l t - p l a n e s .  The e x t e n t  o f  
development o f  the  secondary  f r a c t u r e  system  would th e r e f o r e  seem 
to  depend .p r im a r i ly  on th e  le n g th  o f  exposure  to  w e a th e r in g ,  th e  
i n t e n s i t y  o f  t h a t  w e a th e r in g ,  and th e  l i t h o lo g y  of th e  ro c k  i t s e l f .
The average sp ac in g  between secondary  f r a c t u r e s  has been 
observed  t o  be 20 -  200 mm. The average  secondary  f r a c t u r e  
sp a c in g s  reco rd ed  a t  v a r io u s  l o c a l i t i e s  a re  g iv e n  i n  Table  XIV,
I n  many exposed f a c e s  where th e  c h a lk  ap p ea rs  v e ry  s h a t t e r e d ,  th e  
j o i n t s  have been  found t o  c lo s e  up r a p i d l y  away from th e  f a c e .
At an  o ld  q u arry  a t  Merstham, S u rrey ,  narrow ly  spaced , open f r a c t u r e s  
were found to  c lo se  up com ple te ly  a t  a dep th  o f  on ly  150 mm. in  from 
th e  f a c e .  I n  most ca se s  th e  secondary  f r a c t u r i n g  i s  a b s e n t  o r  only  
p o o r ly  developed below a d ep th  o f  1 -  2 m.
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8 .3  G e o p h y s ic a l.f i e l d  in v e s t ig a t io n s
G eophysical te c h n iq u e s  have been  used by th e  a u th o r  to  a tte m p t 
t o  p ro v id e  a  method f o r  th e  in  s i t u  d e te rm in a tio n  o f  f r a c t u r e  s p a c in g . 
The use  o f se ism ic  r e f r a c t i o n  su rv ey s to  measure co m p ressio n a l s e ism ic  
V e lo c i t i e s ,  and th e  c o r r e l a t i o n  o f th e se  v e l o c i t i e s  w ith  in  s i t u  ro c k , 
q u a l i ty ,  has been d e sc r ib e d  by s e v e ra l  a u th o rs ,  see f o r  example 
D eere ( 1968) and Coon and M e r r i t t  ( i 9 7 0 ). The se ism ic  v e lo c i ty  has 
been  found to  depend p r im a r i ly  on th e  l i th o lo g y ,  th e  m o istu re  c o n te n t ,  
and th e  degree  o f  f r a c t u r in g  p r e s e n t .  S eism ic  v e lo c i ty  m easurem ents 
have th e re f o r e  been  made in  c h a lk  o f  d i f f e r e n t  ty p e s ,  and th e  
v e l o c i t i e s  de term ined  have been  compared w ith  th e  observed  f r a c t u r in g .
8 .3 .1  Method
The co m p ressio n a l se ism ic  v e l o c i t i e s  were de te rm in ed  u s in g  
an  H untec FS3 se ism ograph . D e te rm in a tio n s  wfere made from th e  
s u r fa c e  u s in g  a hammer and s t e e l  p la te  a s  th e  sou rce  o f en e rg y .
At n e a r ly  a l l  l o c a l i t i e s  c l e a r  se ism ic  re c o rd s  were o b ta in ed  ( F ig .  63) .  
The l o c a l i t i e s  s e le c te d  in c lu d e d  th e  s i t e s  of th e  two in  s i t u  
e x c a v a tio n s  d e sc r ib e d  in  C hapter 6 . O th e r l o c a l i t i e s  were chosen  
to  p rov ide  r e s u l t s  on a range  o f  c h a lk  l i t h o l o g i e s .
8 .3 .2  R e s u lts  a t  t r i a l  e x c a v a tio n s  
At th e  s i t e  o f th e  m on ito red  p i t  a t  South Mimms se ism ic
t r a v e r s e s  were u n d e rta k e n  p r io r  to  i t s  e x c a v a tio n . Two t r a v e r s e s  
were made: one in  a n o r th - s o u th  d i r e c t io n  and th e  o th e r  in  an
e a s t-w e s t  d i r e c t i o n .  The n o r th - s o u th  t r a v e r s e  gave two s e p a ra te  
v e l o c i t i e s :  = 910 m /sec. and V2 « 1390 m /sec . These v e l o c i t i e s
in d ic a te d  th e  p resen ce  o f  an in t e r f a c e  a t  a d ep th  o f 4»8 m e tre s .
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B55a
The e a s t-w e s t  t r a v e r s e  gave a s in g le  v e lo c i ty  V.. = 9^5 m /sec .
A f te r  e x c a v a t io n  o f  the  t r i a l  p i t ,  th e  se ism ic  t r a v e r s e s  
were r e p e a te d .  The n o r th - s o u th  t r a v e r s e  gave a se ism ic  v e l o c i t y ,
V1 = 955 m /sec . The e a s t - w e s t  t r a v e r s e  gave a se ism ic  v e l o c i t y .
V,j = 855 m /sec . I n i t i a l l y ,  th e  change in  v e lo c i ty  ^ a s  co n s id e re d  
to  be p o s s ib ly  due to  th e  inw ard movement o f th e  ? /a lls  o f th e  p i t ,  o r 
to  a change in  th e  m o istu re  c o n te n t o f  th e  c h a lk , • A la rg e  inw ard 
movement o f  th e  s id e s  o f  th e  p i t  m ight have caused opening  o f 
f r a c t u r e s  in  th e  su rro u n d in g  c h a lk  and t h i s  would have le d  to  a 
d e c re a se  in  th e  se ism ic  v e l o c i ty .  A l te rn a t iv e ly ,  an  in c re a s e  in  
th e  m o istu re  c o n te n t would have r e s u l t e d  in  an in c re a se d  se ism ic  
v e l o c i ty .  As th e  r e s u l t s  were n o t c o n c lu s iv e , s in ce  in  one 
d i r e c t io n  an in c re a s e  in  v e lo c i ty  o ccu rred  over th e  p e rio d  and in  
th e  o th e r  case  a d e c re a se  o c c u rre d , f u r th e r  m easurem ents were made 
in  co n n e c tio n  w ith  th e  e x c a v a tio n  o f  th e  second t r i a l  p i t  a t  P egsdon ,
Seism ic  t r a v e r s e s  were made in  fo u r  d i r e c t i o n s  u s in g  th e  s i t e  I
o f  th e  proposed e x c a v a t io n s  a s  c e n t r e .  These t r a v e r s e s  were th e n  
r e p e a te d  a f t e r  e x c a v a t io n  o f  th e  t r i a l  p i t .  The r e s u l t s  o f  th e s e  
se is m ic  t r a v e r s e s  a re  g iv en  in  Table  XV. The r e s u l t s  i n d i c a t e  a 
marked in c re a s e  i n  s e ism ic  v e l o c i t y  a f t e r  e x c a v a t io n .  B efo re  
e x c a v a t io n  two main groups o f  s e is m ic  v e l o c i t y  were re c o rd e d :  a 
o f  ab o u t 300 -  575 m/sec. and a 600 -  750 m /sec . The
v e l o c i t i e s  in d i c a te d  the  p resence  of  two or p o s s ib ly  t h r e e  l a y e r s ,
A s ig n i f i c a n t  in t e r f a c e  was re c o rd e d  a t  a d ep th  o f  abou t 1 .6  m.
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8 .5 .5  R e su lts  a t  o th e r  l o c a l i t i e s
The se ism ic  r e f r a c t i o n  r e s u l t s  o b ta in ed  a t  South  Minims and 
P egsdon su g g ested  t h a t  th e  se ism ic  v e l o c i t i e s  were r e l a t e d  to  
th e  amount o f  f r a c t u r in g  p re s e n t in  th e  c h a lk .  M easurem ents 
o f  se ism ic  v e lo c i ty  were th e re f o r e  u n d e rta k en  a t  a number o f 
l o c a l i t i e s  on d i f f e r e n t  ty p e s  o f  c h a lk . The r e s u l t s  a re  g iv e n  
i n  Table XVI,
8 .3 .4  D ir e c t io n a l  v a r i a t i o n  o f f r a c t u r e  sp ac in g
The work d e sc r ib e d  i n  C hapter 7 r e v e a le d  th a t  f r a c t u r in g  
i n  th e  c h a lk  u s u a l ly  conform s to  a w ell-m arked  p a t t e r n .  T his 
su g g es ted  t h a t  th e  f r a c t u r e  sp a c in g  might v a ry  a c c o rd in g  to  
d i r e c t i o n .  The p o s s i b i l i t y  was th e re fo re  th o u g h t to  e x i s t  th a t  
th e  se ism ic  v e l o c i t i e s  m easured m ight depend on th e  d i r e c t io n  in  
w hich th e  se ism ic  t r a v e r s e  was c a r r i e d  o u t .
To in v e s t ig a te  th e  v a r i a t i o n  o f  se ism ic  v e lo c i ty  in  th e
c h a lk  a c c o rd in g  to  d i r e c t i o n  a number o f se ism ic  r e f r a c t i o n  
i
t r a v e r s e s  were made a t  a ch a lk  q u a rry  a t  N utham pstead , H e r t f o r d s h i r e .  
The t r a v e r s e s  were made on a f l a t  s u r fa c e  from w hich a l l  overburden  
’ and lo o se  c h a lk  had been  rem oved. The q u arry  exposed s o f t  U pper 
C halk . The work was u n d e rta k en  in  November when th e  w a te r  t a b le  
i n  th e  c h a lk  in  t h i s  a re a  i s  no rm ally  a t  i t s  lo w e s t, and hence 
v a r i a t i o n s  in  se ism ic  v e lo c i ty  due to  m o istu re  n e a r  th e  su rfa c e  
a re  p ro b ab ly  a t  a minimum. A b o reh o le  in  th e  same v a l le y  4 Km. 
so u th  o f th e  q u a rry , and a t  a s im i la r  a l t i t u d e  o f  105 had a 
r e s t  w a te r l e v e l  o f  7 0 .9  m, in  Septem ber 1964 (C o le , 197.0).
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The t r a v e r s e s  were made i n  fo u r  d i r e c t i o n s :  NO0, N 45^*>  ^S O °E ,t 
a n d N 4 5 Qtf* r e s u l t s  a r e  g iv e n  in  T ab le  XVII.
TABLE X V II. V a r i a t i o n  o f  s e ism ic  v e l o c i t y  w ith  d i r e c t i o n  a t  N u tham pstsad .
D i r e c t i o n  o f  t r a v e r s e  S e ism ic  v e l o c i t y
NO0 785 n / s e c .
1145^ .  475 V  s e c .
N^O^S. 600 a / s e c .
N45°^ • 570 n / s e c .
I n  F ig u re  64 th e  v e l o c i t i e s  a re  p l o t t e d  a s  a s e ism ic  e l l i p s e .  The
e l l i p s e  i l l u s t r a t e s  th e  h ig h e r  v e l o c i t y  i n  th e  n o r th - s o u th  d i r e c t i o n ,
th e  in te rm e d ia te  v e l o c i t y  i n  th e  e a s t -w e s t  d i r e c t i o n ,  and th e  lower
v e l o c i t i e s  i n  th e  N .E.-S.W . and N .\Y. -S ,E . d i r e c t i o n s .
M easurements of th e  d ip  and s t r i k e  o f  f r a c t u r e s  were made in
exposed f a c e s  of c h a lk  su rro u n d in g  th e  a r e a  used f o r  th e  se ism ic
t r a v e r s e s .  A s te reo g ra m  of th e s e  f r a c t u r e s  i s  shown i n  F ig u r e  66.
The average f r a c t u r e  sp ac in g  f o r  each  main s e t  o f  f r a c t u r e s  was a l s o
m easured. These sp a c in g s  were found to  be: f o r N . - S .  f r a c t u r e s ,  0 .5  m .;
f o r  N .W .-S.E. f r a c t u r e s ,  1 .25 m.: f o r E . - W .  f r a c t u r e s ,  1 .25 Almost 
ia l l  E .47 • . f r a c t u r e s  and some N.Y/. -S .E .  f r a c t u r e s  c o n ta in e d  f l i n t s ,  m os tly  
b ro k en ,  and c l a y .  The N .- S .  f r a c t u r e s  d id  no t c o n ta in  f l i n t s .  Many N.W .- 
S .E .  j o i n t s  were l i m o n i t e - s t a i n e d .
I f  th e s e  f r a c t u r e s  a re  p l o t t e d  s c h e m a t ic a l ly  w ith  a f r a c t u r e  
sp a c in g  c o r re sp o n d in g  t o  t h a t  measured i n  th e  f i e l d ,  th e  g r id  
shown i n  F ig u re  65 i s  o b ta in e d .  L in e s  A, B, C, and D correspond  to  
th e  d i r e c t i o n s  o f  th e  se ism ic  t r a v e r s e s .  T h is  diagram e x p la in s  
p a r t l y  why higher- v e l o c i t i e s  a r e  o b ta in ed  i n  c e r t a i n  d i r e c t i o n s .
I n  t r a v e r s e  A ,fo r  a s e t  d i s t a n c e —only th r e e  f r a c t u r e s  a r e  c ro ssed  
and a h ig h  v e l o c i t y  would be e x p e c te d .  I n  t r a v e r s e  B f i v e
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A.
N.
o>
Fig. 64-. Seism ic ellipse* for Upper Cbalk a t  Nu+harnpstead, H erts.
A
Fig. 65 Relationship between seismic traverses and fracture spacing at
N u tb a m p stea c i, H erts .T  261
I. N .- S .  F r a c t u r e s  
2 .. N .W .-S .E . F r a c t u r e s  
3 .  E . - W .  F r a c t u r e s .
Fig, £>£>. Stereo Qram of typical 'fractures observed at Nuthampstead> Herts.
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f r a c t u r e s  a re  c ro s se d  and a lower v e l o c i t y  would be o b ta in e d .
I n  t r a v e r s e  C s i x  f r a c t u r e s  a re  c ro ssed  and an even lower v e l o c i t y  
would be o b ta in e d .  T rav e rse  D i s  an e x c e p t io n  s in c e  only  fo u r  
f r a c t u r e s  a re  c ro s s e d ,  and y e t ,  i n  p r a c t i c e ,  a low se ism ic  v e l o c i t y  
was o b ta in e d .  However, t h i s  low v e l o c i t y  might be due t o  th e  
p r o f i l e  l i n e  c o r re sp o n d in g  t o  a f r a c t u r e  l i n e  d u r in g  th e  s e ism ic  
t r a v e r s e .  The N.«Y. -S .E . f r a c t u r e s  were noted  to  be p a r t i c u l a r l y  
w ell-m arked ; i n  most ca se s  b e in g  open f r a c t u r e s  w i th  l im o n i t i c  
s u r f a c e s •
8 .5 .5  D isc u ss io n  o f  g e o p h y s ic a l f i e l d  r e s u l t s
The s e ism ic  v e l o c i t y  d e te rm in a t io n s  made a t  th e  i n  s i t u  
e x c a v a t io n s  a t  South  Mimms and Pegsdon in d i c a t e  t h a t  c h a lk  does 
n o t  g iv e  a s in g le  s e ism ic  v e l o c i t y .  I n s t e a d  v a r i a t i o n s  occur 
t h a t  ap p ea r  t o  be r e l a t e d  t o . t h e  s t a t e  of th e  c h a lk .  A g ra d u a l  
in c r e a s e  i n  v e l o c i t y  w i th  d e p th  i s  n o t  observed . Sudden changes 
i n  v e l o c i t y  w ith  d e p th  a r e  found to  e x i s t ,  presumably a t  i n t e r f a c e s  
between d i f f e r e n t  ty p e s  o f  c h a lk .  At Pegsdon s i g n i f i c a n t l y  h ig h e r  
v e l o c i t i e s  were re c o rd e d  in  th e  nea r  s u r fa c e  c h a lk  a lo n g  th e  t r a v e r s e  
l i n e s  in  Ju n e ,  as  compared w ith  those  observed i n  the  p rev io u s  
December. I n  e a r l y  December th e  w a te r - t a b le  i n  th e  c h a lk  i s  
co m p ara tiv e ly  low w hereas i n  June i t  i s  h ig h .  The in c re a s e d  se ism ic  
v e l o c i t y  measured i n  June i s  th e r e f o r e  though t t o  r e f l e c t  th e  
m arkedly  h ig h e r  m o is tu re  c o n te n t  o f  th e  c h a lk  a t  t h a t  t im e .  The 
c h a lk  w i th  a h ig h  v e l o c i t y ,  750 n/sec., appeared  t o  be u n a f f e c te d  
by th e  p o s s ib le  in c re a s e  in  m o is tu re  c o n te n t .  The movements 
observed  i n  th e  i n  s i t u  e x c a v a t io n s  a re  co n s id e red  to  be to o  sm all
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t o  have any e f f e c t  on th e  se ism ic  v e l o c i t y  o f  th e  su rro u n d in g  
c h a lk .
Since th e  a u th o r ’ s work was u n d er ta k en ,  G ra in g e r ,  McCann 
and G a l lo i s  (1973) have p u b lish e d  a paper t h a t  d e s c r ib e s  s im i l a r  
changes i n  s e ism ic  v e l o c i t y  though t to  be due to  th e  e f f e c t s  o f  
s a tu r a t io n *  They found t h a t  on ly  th e  more ru b b ly  c h a lk  ( of 
t h e i r  g rad es  IV and V) was a f f e c te d * .  The v e l o c i t y  o f  s t r u c t u r e l e s s  
and u n jo in te d  c h a lk  (g ra d e  V) was r a i s e d  from 700 m/sec. to  1950 m /sec .
The r e s u l t s  o b ta in e d  from th e  l o c a l i t i e s  in v e s t i g a t e d  by th e  
a u th o r  su g g es t  t h a t  fo u r  main s e ism ic  v e l o c i t i e s  a re  t y p i c a l  of 
d i f f e r e n t  ty p e s  o f  chalk : 500 m /sec; 700-800 m/sec; 1000-1250 m /sec; 
amd 1800-2500 m /sec .  V e l o c i t i e s  o f  about 500 m/sec have been 
o b ta in e d  only on Upper Chalk and appear  t y p i c a l  o f  v e ry  s o f t  c h a lk  
o r  lo o se  n ea r  su r fa c e  c h a lk .  The range  700-800 m/sec. has been 
o b ta in e d  p a r t i c u l a r l y  on c h a lk  t h a t  f r a c t u r e s  i n t o ’iiough ly  r e c t a n g u l a r  
b lo c k s  w i th  s id e  d im ensions o f  10-100 mm. V e l o c i t i e s  o f  1000-1250 m/sec.
f '
were re c o rd e d  on c h a lk  i n  which th e  j o i n t s  were more w ide ly  spaced , 
g e n e r a l ly  about 1 m. a p a r t .  Of th e  h ig h e s t  v e l o c i t i e s  measured,
1800-2500 m/sec., two measurements were o b ta in ed  on th e  Upper Chalk 
o f  West. D orse t which i s  o f t e n  h a rd e r  and d en se r  th a n  t h a t  o f  South 
E as t  E ngland . A h ig h  v e l o c i t y  o f  2222 m/sec. was o b ta in e d  on th e  
M elbourn Rock a t  P i t s t o n e ,  B e d f o r d s h i r e .
The r e s u l t s  o f  th e  t r a v e r s e s  a t  R utham pstead, H e r t f o r d s h i r e ,  
i n d i c a t e  t h a t  where a d e f i n i t e  f r a c t u r e  p a t t e r n  i s  p r e s e n t  in  th e  
c h a l k , - t h e  se ism ic  v e l o c i t i e s  o b ta in e d  depend upon th e  d i r e c t i o n  in
which th e  t r a v e r s e  i s  u n d e r ta k e n .  The se ism ic  v e l o c i t y  i s  
s i g n i f i c a n t l y  reduced  i f  the  t r a v e r s e  i s  made in  such a d i r e c t i o n  
t h a t  a l a rg e  number o f  f r a c t u r e s  a re  c ro s s e d .
8 .4  G eophysical l a b o r a to r y  in v e s t i g a t i o n s
The i n  s i t u  measurements in d i c a te d  t h a t  the  se ism ic  v e l o c i t y  
w i th in  th e  ch a lk  depends on two main v a r i a b l e s .  These a re  th e  
amount o f  f r a c t u r i n g  and th e  degree  o f  s a t u r a t i o n .  To in v e s t i g a t e  
i n  g r e a t e r  d e t a i l  th e  e f f e c t s  o f  th e se  two f a c t o r s  on th e  c h a lk ,  
t e s t s  were u n d e r ta k e n  i n  th e  l a b o ra to r y  where measurements could  
be more c l o s e l y  c o n t r o l l e d  th a n  i n  th e  f i e l d .
8 .4 .1  Method
The v e l o c i t i e s  were measured i n  th e  la b o ra to r y  u s in g  P u n d i t  
u l t r a s o n i c  equipment m anufactured  by C.N.S. In s t ru m e n ts  L td .  The 
c h a lk  samples used were 76 mm. d ia m e te r  co res  e x t r a c te d  from b lo c k  
samples o f  c h a lk  o b ta in e d  from the  Upper Chalk a t  Redbourn, 
H e r t f o r d s h i r e .  Pour s e r i e s  o f  t e s t s  have been  u n d e r ta k e n .  Two 
s e r i e s  of . t e s t s  ( S e r i e s  A and B) were u n d e r ta k en  on co re s  o f  ch a lk  
w i th  a v a r i a b l e  number o f  h o r i z o n t a l  f r a c t u r e s  a c ro s s  th e  d ia m e te r  
o f  th e  c o r e s .  The h o r i z o n t a l  f r a c t u r e s  were produced-by sawing of  
o r i g i n a l l y  i n t a c t  c o r e s .  One core  o f  ch a lk  was t e s t e d  i n t a c t ? a 
second had one h o r i z o n t a l  f r a c t u r e  a t  m id-height?  a t h i r d  core  
was s e p a ra te d  i n t o  t h r e e  e q u a l  p o r t io n s  by two h o r i z o n t a l  f r a c t u r e s  
and a f o u r th  core was s e p a ra te d  i n t o  fo u r  e q u a l  p o r t io n s  by th r e e  
h o r i z o n t a l  f r a c t u r e s .  The f i r s t  s e t  o f  t e s t s  ( S e r i e s  A) was 
u n d e r ta k en  on d ry  c o re s  (m o is tu re  .con ten t Q&) . The c o re s  were
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th e n  soaked f o r  24 hours  and t e s t e d  i n  a s a tu r a t e d  s t a t e  ( S e r i e s  B)
V e lo c i ty  d e te rm in a t io n s  were a l s o  made on fo u r  co re s  t h a t  had 
been p re v io u s ly '  t e s t e d  t o  f a i l u r e  i n  unconfined  compression# 
C onsequently ,  th e s e  co re s  po sse ssed  v e r t i c a l  f r a c t u r e s ,  some of 
which were c lo s e d ,  o th e r s  open t o  a maximum of 1 mm. The co re s  
were t e s t e d  in  a d ry  c o n d i t io n  (m o is tu re  c o n t e n t ^ ) .  The v e l o c i t y  
was determ ined  a lo n g  th e  l e n g th  o f  each  core  ( S e r i e s  c) and 
a c ro s s  th e  d iam ete r  o f  each  core ( S e r i e s  3)).
8 .4 .2  R e s u l t s  o f  u l t r a s o n i c  t e s t s
The r e s u l t s  o f  th e  t e s t s  a re  g iv e n  i n  Table X V III .  The t e s t s  
on d ry  c o re s  o f  c h a lk  ( S e r i e s  A) i n d i c a t e  t h a t  th e r e  i s  a marked 
d ec re a se  i n  v e l o c i t y  as  th e  number o f  f r a c t u r e s  a c ro s s  th e  core 
i s  in c r e a s e d .  This  d e c re a se  i n  v e l o c i t y  was p a r t i c u l a r l y  g r e a t  
when th r e e  f r a c t u r e s  were p r e s e n t  a c ro s s  th e  c o re .  A part from 
th e  core o f  i n t a c t  c h a lk  th e  e f f e c t  o f  s a t u r a t i o n  was t o  in c re a s e  
th e  v e l o c i t y  as compared w i th  th e  d ry  s t a t e .  R e s u l t s  o f  t e s t s  
on th e  co res  t h a t  had p re v io u s ly  been t e s t e d  to  f a i l u r e  in  
unconfined  com pression , and co n seq u en t ly  c o n ta in ed  f r a c t u r e s ,  
i n d i c a te d  t h a t  th e  l a r g e s t  d e c re ase  i n  v e l o c i t y  occu rred  when 
th e  f r a c t u r e s  were open*
8 .5  D isc u ss io n
The d i s t i n c t i o n  between prim ary  and secondary  f r a c t u r e  
systems i s  b e l ie v e d  t o  be im p o r ta n t .  The r e s u l t s  o f  the  f i e l d  
i n v e s t i g a t i o n  a t  th e  t r i a l  p i t  a t  South Mimms in d ic a te d  t h a t  a 
secondary  f r a c t u r e  system  may deve lop  near  th e  fa c e  of an^
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e x c a v a t io n  w i th in  two y e a r s  o f  i t s  exposure (S e c t io n  6 . 9)*  I n  
c o n t r a s t ,  a t  some l o c a l i t i e s  where hard ch a lk  has been  exposed 
f o r  many y e a r s  no secondary  f r a c t u r e s  have deve loped . Even 
where-a secondary  f r a c t u r e  system i s  p re se n t  i t  seldom ex tends  
more th a n  1-2 m« away from th e  f a c e .  This i s  ap p ro x im a te ly  th e  
maximum dep th  t o  which f r o s t  a c t i o n  o p e ra te s  in  t h i s  c o u n t ry .
The se ism ic  v e l o c i t y  measurements a t  v a r io u s  l o c a l i t i e s  
showed t h a t  th e  s e is m ic  method i s  a b le  to  d e t e c t  d i f f e r e n t  ty p e s  
o f  c h a lk .  The range  o f  se ism ic  v e l o c i t i e s  o b ta in ed  on c h a lk  by 
th e  a u th o r  i s  300-2500 m . / s e c .  This range i n  v e l o c i t y  has enab led  
th e  fo u r  main v a r i e t i e s  o f  c h a lk  d e s c r ib e d  in  S e c t io n  8.3*5 to  
be d i s t i n g u i s h e d .  The f i e l d  r e s u l t s  a l s o  in d i c a te d  t h a t  the  
se ism ic  v e l o c i t y  i n  lo o se  and ru b b ly  ch a lk  i s  in c re a s e d  
s i g n i f i c a n t l y  by a r i s e  i n  m o is tu re  c o n te n t .  The la b o ra to r y  
u l t r a s o n i c  t e s t s  a r e  i n  su p p o r t  o f  t h i s .  I n  th e  case  o f  f r a c t u r e d
samples o f  c h a lk  th e  v e l o c i t y  was in c re a s e d  by up to  950 m ./s e c .
ia s  a r e s u l t  o f  s a t u r a t i o n .  I n t a c t  and s l i g h t l y  f r a c t u r e d  samples 
e x h i b i t e d  on ly  a sm all  change in  v e l o c i t y  when s a t u r a t e d .
. Some c o r r e l a t i o n  i s  p o s s ib le  between th e  v e l o c i t i e s  de te rm ined  
i n  th e  f i e l d  and th o se  o b ta in e d  in  th e  la b o ra to r y '  (T ab le  XIX.) , 
V e l o c i t i e s  f o r  c h a lk  w i th  wide f r a c t u r e  sp ac in g  a r e  s i m i l a r  i n  th e  
l a b o r a to r y  and i n  the  f i e l d ,  b e in g  about 2000 m . / s e c .  V e lo c i t i e s  
f o r  c lo s e ly  f r a c t u r e d  c h a lk  were a l s o  s im i l a r  when measured in  
th e  f i e l d  and in  a d ry  c o n d i t io n  i n  th e  l a b o ra to r y ,  b e in g  g e n e r a l l y  
a b o u t . 800 m . / s e c .  The a u th o r  su g g e s ts  t h a t  f u r t h e r  work on the
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c o r r e l a t i o n  o f  f i e l d  and l a b o r a to r y  v e l o c i t y  d e te rm in a t io n s  
would be p r o f i t a b l e .  I f  a b e t t e r  c o r r e l a t i o n  was t o  be developed , 
th e  a c c u ra te  r e c o g n i t i o n  o f  d i f f e r e n t  f r a c t u r e  sp ac in g s  in  ro ck  
masses i n  th e  f i e l d  would become p o s s i b l e .
The a u t h o r ’ s work a t  N utham pstead, H e r t f o r d s h i r e ,  on th e  
d i r e c t i o n a l  v a r i a t i o n  o f  v e l o c i t y  su g g es ts  t h a t  th e  v e l o c i t i e s  
determ ined  by th e  s e ism ic  method i n  th e  f i e l d  a re  v e ry  dependent 
on th e  f r a c t u r e  spacing*  The ran g e  i n  v e l o c i t i e s  measured on 
c h a lk  i s  co n s id e re d  t o  be s u f f i c i e n t l y  l a rg e  f o r  r e l a t i v e l y  
sm a l l  v a r i a t i o n s  i n  th e  f r a c t u r e  sp ac in g  to  be r e c o g n i s e d .  These 
v e l o c i t i e s  a r e  b e l ie v e d  by the  a u th o r  to  be s e n s i t i v e  t o  changes 
i n  th e  f r a c t u r e  sp a c in g  because o f  th e  r e l a t i v e  homogeneity of 
th e  c h a lk  i n  any one a r e a .  Where th e  hardness  o f  th e  c h a lk  v a r i e s  
g r e a t l y  th e n  se is m ic  v e l o c i t i e s  a re  l i k e l y  t o  change in d e p e n d e n tly  
o f  th e  f r a c t u r e  s p a c in g ,
(a )  A d i s t i n c t i o n  may be made betw een prim ary  and secondary  
f r a c t u r e  sy s tem s .
' ( b ) '  • Secondary f r a c t u r e  system s may develop  n ea r  th e  fa c e  o f  an 
e x c a v a t io n  w i th i n  two y e a r s  o f  ex p o su re .
(c )  Secondary f r a c t u r e  system s r a r e l y  ex tend  more th a n  1-2 m. • 
back  from th e  f a c e .
(d) Four ty p e s  o f  c h a lk  a re  r e c o g n i s a b le  on the  b a s i s  o f  f i e l d  
se ism ic  v e l o c i t y  d e te rm in a t io n s :
- ( i )  500 m . / s e c .  -  s o f t  or lo o se  n ear  s u r f a c e  ch a lk ;
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( i i )  700-800 m ./sec*  -  b locky  ch a lk  w ith  c lo s e  f r a c t u r e
sp ac in g  o f  10 -  100 mm,;
( i i i )  1000-1250 m . / s e c .  -  normal c h a lk  w i th  moderate
f r a c t u r e  sp ac in g  o f .a b o u t  1m.; 
(±v) 1800-2500 m . / s e c .  -  hard  ch a lk  w i th  wide f r a c t u r e
sp ac in g  o f  1-j3m.
(e )  The se ism ic  v e l o c i t y  i n  loose  c h a lk  i s  in c re a s e d  s i g n i f i c a n t l y  
by an in c re a s e d  m o is tu re  c o n te n t .
( f )  The se ism ic  v e l o c i t y  i n  c h a lk  w i th  moderate or wide f r a c t u r e  
s p ac in g  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by changes i n  m o is tu re  
c o n t e n t .
(g) The se ism ic  v e l o c i t y  i n  c h a lk  v a r i e s  w i th  s
( i )  th e  h a rd n e s s ;
( i i )  th e  f r a c t u r e  s p a c in g .
(h) D i r e c t i o n a l  v a r i a t i o n s  i n  s e ism ic  v e l o c i t y  co rresp o n d in g  t o
d i r e c t i o n a l  v a r i a t i o n s  i n  f r a c t u r e  sp ac in g  may be re c o g n ise d
i f  th e  h a rd n ess  o f  th e  ch a lk  i s  r e l a t i v e l y  un ifo rm  in  the
a r e a  under c o n s id e r a t io n ,
( i )  F ie ld  s e ism ic  v e l o c i t y  d e te rm in a t io n s  c o r r e l a t e d  w ith
la b o r a to r y  u l t r a s o n i c  measurements may p rov ide  an  a c c u ra te  
and in e x p en s iv e  method f o r  th e  r e c o g n i t i o n  o f  f r a c t u r e  
sp a c in g  in  r o c k .
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9 . FRACTURE SURFACES IN THE] CHALK
9*1 I n t r o d u c t i o n
The sh e a r  s t r e n g t h  o f  i n t a c t  r o c k  i s  known to  be g r e a t l y  
reduced  by th e  p resen ce  o f  f r a c t u r e  p la n e s .  This i s  p a r t i c u l a r l y  
so when th e  d i r e c t i o n  o f  sh e a r  i s  p a r a l l e l  o r  n e a r ly  p a r a l l e l  t o  
th e s e  p la n e s .  However, th e  l i k e l i h o o d  o f  movement o c c u r r in g  
a lo n g  th e s e  p la n e s  i s  a f f e c t e d  by th e  ex a c t  n a tu re  o f  th e  f r a c t u r e  
s u r f a c e s  p r e s e n t .
Hoek (1970) has  drawn a t t e n t i o n  to  th e 'im p o r ta n c e  o f  a s s e s s in g  
f r a c t u r e  ro u g h n ess .  He a l s o  d e s c r ib e s  th e  work o f  P a t t o n  ( 1966), *
who has shown t h a t  th e  a n g le  o f  th e  p o t e n t i a l  f a i l u r e  p la n es  in  
s lo p e s  i s  dependent on th e  roughness  o f  the  f a i l u r e  s u r f a c e .
The n a tu re  o f  f r a c t u r e  s u r f a c e s  has been  in v e s t ig a t e d  by the  
a u th o r  i n  two ways. F i r s t l y ,  d u r in g  th e  f i e l d  i n v e s t i g a t i o n s  th e  
ty p e s  o f  f a i l u r e  s u r f a c e s  en co u n te red  were re c o rd e d .  Secondly , 
laboratory ,- t e s t s  have been  conducted  on f r a c t u r e  s u r f a c e s .
9 .2  F ie ld  s tu d i e s
Three main ty p e s  o f  j o i n t  s u r f a c e s  have been d e s c r ib e d  by 
Duncan (1969)* These a r e  q u a l i t a t i v e l y  d esc r ib e d  as  smooth, rough  
o r  keyed . Fookes and Denness (1969) have proposed a more d e t a i l e d  
c l a s s i f i c a t i o n .  F i e l d  work d u r in g  th e  p re s e n t  i n v e s t i g a t i o n  has 
r e v e a l e d  a number o f  d i f f e r e n t  ty p e s  o f  f r a c t u r e s  i n  th e  Chalk. 
These f r a c t u r e s  have been  c l a s s i f i e d  mainly acc o rd in g  to  t£ie 
ty p e  o f  su r fa c e  p r e s e n t .  Some o f th e se  ty p e s  co rrespond  t o  th e  
ty p e s  d e f in e d  by Fookes and D enness. The main ty p e s  o f  f r a c t u r e
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s u r f a c e s  observed a re  d e s c r ib e d  belov/ in  9 * 2 ,1 .  -  9 * 2 .6 .  I n  
a d d i t i o n ,  th r e e  main ty p e s  o f  f i l l e d  f r a c t u r e s  have been 
observed  and th e se  a re  d e s c r ib e d  in  9*2.7 -  9*2.9*
9 .2 .1  Smooth s u r f a c e s
Most .'main f r a c t u r e s  a re  s t r a i g h t  and bounded by smooth, -white 
s u r f a c e s  o f  c h a lk .  A l l  such f r a c t u r e s  observed have been  j o i n t s .  
J o i n t s  w i th  s u r f a c e s  o f  t h i s  type  have been observed a t  a l l  
l o c a l i t i e s  v i s i t e d .
9 .2 .2  L im onite  s t a i n e d  s u r f a c e s
Most major f r a c t u r e s  have been  observed t o  be bounded by
s u r f a c e s  t h a t  a re  s t a i n e d  by l im o n i t e ,  and in  a few c a se s  p o s s ib ly
h e m a t i t e .  The e x t e n t  o f  th e  l im o n i te  s t a i n i n g  i s  v a r i a b l e .  I n
some exposu res  i t  i s  v e ry  e x te n s iv e  and g iv e s  r i s e  to  v e ry
prom inent ye llow -brow n s u r f a c e s .  F ie ld  work i n d i c a t e s  t h a t  the
l im o n i te  te n d s  t o  occur where th e  f r a c t u r e s  a r e  p a r t i c u l a r l y  open.
The l im o n i t e ,  h y d ra te d  i r o n  o x id e ,  could  have been formed by th e  i
a l t e r a t i o n  o f  i r o n - r i c h  m in e ra ls  i n  th e  Chalk o r ,  a l t e r n a t i v e l y ,  
i t  may have been  in t ro d u c e d  from o v e r ly in g  d e p o s i t s .  The a u th o r  
c o n s id e r s  t h a t  d e p o s i t io n  o f  th e  l im o n i te  to o k  p lace  from w a te r  
p e r c o l a t i n g  a long  th e  f r a c t u r e s .  At l o c a l i t i e s  where f r a c t u r e  
s u r f a c e s  o f  t h i s  type  o ccu r ,  a l l  major f r a c tu r e s ,  have u s u a l ly  been 
a f f e c t e d .  This  s u g g e s ts  t h a t  th e s e  s u r f a c e s  have been formed by 
th e  movement o f  l a rg e  q u a n t i t i e s  o f  w ate r  th ro u g h  th e  Chalk .
I n  a d d i t i o n  t o  b e in g  open such  f r a c t u r e s  a re  u s u a l ly  v e ry  e x te n s iv e  
( P l a t e  V) . ~
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9*2.5 P o l i s h e d  s u r f a c e s
P o l i s h e d  s u r f a c e s  have been observed  only  i n  th e  h a rd e r  v a r i e t i e s  
o f  c h a lk ,  and i n  c h a lk  t h a t  has been  s u b je c t  t o  sev e re  t e c t o n i c  
movements. They a re  o f  in f r e q u e n t  o c c u r re n c e .  Some s u r f a c e s  o f  t h i s  
ty p e  have e x h i b i t e d  t r a c e s  o f  s l i c k e n s i d i n g .  The p o l i sh e d  n a tu re  
o f  th e se  s u r f a c e s  may t h e r e f o r e  be th e  r e s u l t  of the  movements of 
one s u r fa c e  o f  th e  f r a c t u r e  over th e  o th e r  s u r f a c e .
9.2.4- S l ic k e n s id e d  s u r f a c e s
S l ic k e n s id e d  s u r f a c e s  have been  observed a t  many l o c a l i t i e s .
Such s u r f a c e s  a re  not co n f in ed  t o  th e  a r e a s  which have s u f f e r e d  
e s p e c i a l l y  from t e c t o n i c  movements such  a s  South  D orset and th e  
I s l e  o f  W ight. They have been observed  a t  l o c a l i t i e s  th roughou t 
th e  Chalk o u tc ro p s  s t u d i e d .  Although b e s t  developed i n  th e  
h a rd e r  ty p e s  o f  c h a lk  th e y  a l s o  occur in  s o f t  c h a lk .
The e x a c t  n a tu re  o f  th e  s l i c k e n s id e d  s u r f a c e s  v a r i e s .  Some
s l i c k e n s i d e s  a re  i n d i s t i n c t  and grade  i n t o  th e  p o l i sh e d  s u r f a c e s  i
d e s c r ib e d  i n  S e c t io n  9 * 2 . The s l i c k e n s id e s  sometimes ta k e  th e  
form o f  g rooves and r i d g e s .  The maximum am plitude  o f  th e  r id g e s  
above th e  g rooves  observed  has been  3mm. C re s ts  o f  r i d g e s  a re  
u s u a l l y  3 - 1 0  mm. a p a r t .  The r i d g e s  and grooves form ing th e  
s l i c k e n s i d e s  a re  o f t e n  o f  c h a lk  on ly , b u t  some a re  p a r t l y  or 
c o m p le te ly  composed o f  th e  ’fo l lo w in g :  l im o n i te i  c a l c i t e :  a
b la c k  u n i d e n t i f i e d  m in e ra l ;  a g r e e n i s h  u n i d e n t i f i e d  m in e ra l  
(p e rh a p s  g reen  c a l c i t e ) •
Some s l i c k e n s i d e s  Occur a lo n g  f r a c t u r e s  which have d i s p la c e d
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th e  bedding of th e  chalk* These f a u l t s  u s u a l ly  have only  sm all  
downthrows, t y p i c a l l y  0*5 ~ 2 .0  m e tre s .  The r id g e s  and grooves  a re  
alw ays o r i e n t a t e d  p a r a l l e l  t o  th e  d i r e c t i o n  of p robab le  movement* 
S l i c k e n s id e s  have a l s o  been  observed a lo n g  f r a c t u r e s  which do no t 
appea r  t o  be a s s o c i a t e d  w ith  any d isp lacem en t o f  th e  ch a lk  on e i t h e r  
s id e  o f  th e  f r a c t u r e  p la n e .
9*2*5 Powdery s u r f a c e s
Powdery s u r f a c e s  ap p ea r  t o  occur p a r t i c u l a r l y  i n  s o f t  c h a lk  or
c h a lk  t h a t  i s  w e t .  The powder i s  u s u a l ly  o f  v e ry  f i n e  p a r t i c l e s  of
c h a lk ,  a l th o u g h  some sm a l l  a n g u la r  fragm ents  o f  c h a lk  do occur
o c c a s io n a l ly .  The powder t e n d s  t o  adhere  s t r o n l y  t o  th e  a d ja c e n t  c h a lk .
Powdery s u r f a c e s  have been  observed  a lo n g  j o i n t s  and f a u l t s ,
9 .2 .6  I n t e r l o c k i n g  s u r f a c e s
S u r f a c e s  o f  t h i s  type  have been  observed much l e s s  f r e q u e n t ly
i n  th e  C halk  th a n  i n  o th e r  competent r o c k s .  Some minor f r a c t u r e s
e x h i b i t  co n ch o id a l  s u r f a c e s  which a re  somewhat i n t e r l o c k i n g ,  and a
few i r r e g u l a r  s u r f a c e s  have been observed* However, no major j o i n t s  
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w i th  i n t e r l o c k i n g  s u r f a c e s  have been seen ,  and only  a few f a u l t s  
show s u r f a c e s  of t h i s  ty p e .  The g e n e ra l  s o f tn e s s  o f  the  C halk  
presum ably causes  smooth f r a c t u r e s  to  deve lop .  I n t e r n a l  e r o s io n  
by p e r c o l a t i n g  w a te r  may a l s o  a s s i s t  in  th e  c r e a t i o n  o f  smooth 
f r a c t u r e  s u r f a c e s .
9 .2 .7  C halk  f i l l e d  f r a c t u r e s
Some f r a c t u r e s  observed  have been f i l l e d  w ith  c h a lk  fragm en ts
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and powder. I n  some in s ta n c e s  f ragm en ts  and powder have become 
cemented t o g e th e r  t o  form a  hard  ro c k ,  which has been term ed 
c a l c r e t e .  Such f r a c t u r e s  seem t o  be of two main t y p e s .  F i r s t l y ,  
th e y  may be open j o i n t s  t h a t  have become f i l l e d  w i th  lo o se  c h a lk .  
These a re  u s u a l l y  n e a r  s u r fa c e  f e a t u r e s  and do not ex tend  f a r  
below th e  s u r f a c e ,  p e rhaps  JO-40 m etres  i n  extreme c a s e s .
Secondly , th e s e  f r a c t u r e s  may be f a u l t  p lan es  a long  which, 
s h e a r in g  has occu rred  and a b r e c c i a  has been formed. U n lik e  
many f a u l t  b r e c c ia s  th e  l a r g e r  c h a lk  fragm ents  invo lved  a re  
rounded and no t a n g u la r .  The c h a lk  has  presumably been  
rounded d u r in g  th e  b r e c c i a t i o n  p ro cess  and t h i s  ap p ea rs  a g a in  
t o  r e f l e c t  th e  r e l a t i v e  s o f tn e s s  o f  th e  c h a lk .
9 . 2 .8  Clay and sand f i l l e d  f r a c t u r e s
L ik e  th e  c h a lk  f i l l e d  f r a c t u r e s ,  th e s e  have been  observed only  
o c c a s i o n a l l y .  Some f r a c t u r e s  a re  f i l l e d  w i th  c la y  on ly , some w ith  
sand o n ly ,  o th e rs  w i th  m ix tu re s  o f  c l a y ,  sand and f l i n t  p e b b le s .  
A lso l i k e  'the c h a lk  f i l l e d  f r a c t u r e s ,  th e y  a re  o f  two ty p e s .  
F i r s t l y ,  th e y  may be n e a r  s u r fa c e  f e a t u r e s  a l l i e d  to . ;swallow h o le s  
and p ip e s .  These f e a t u r e s  a r e  no t d is c u s se d  i n  d e t a i l  h e re  s in c e  
t h e i r  c h a r a c t e r i s t i c s  have been d esc r ib e d  e lsew here  ( f o r  example, 
West and Dumbleton, 1972) and t h e i r  p o s s ib le  e f f e c t s  on s lope  
s t a b i l i t y  a re  d is c u s s e d  i n  S e c t io n s  5*2*1 and 5*4 o f  th e  p re s e n t  
w ork. Secondly , th e s e  f i l l e d  f r a c t u r e s  may occur a p p a re n t ly  
u n r e l a t e d  t o  n e a r  s u r f a c e  swallow h o le s .
The l a t t e r  type  o f  f r a c t u r e s , a r e  u s u a l ly  f i l l e d  w i th  c la y  
on ly  or w ith  c l a y  and some s i l t .  The f r a c t u r e s  may be e i t h e r
j o i n t s  or f a u l t s .  P resum ably  th e  c la y  has been  in t ro d u c e d  from
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above, and d e p o s i te d  in  th e  once open f r a c t u r e s  by w a te r .  At 
some l o c a l i t i e s  s u b - p a r a l l e l  n ea r  h o r i z o n ta l  c la y  f i l l e d  f r a c t u r e s  
have been o bse rved .  I n  N o r th  H e r t f o r d s h i r e  and S outh  C am bridgesh ire  
th e s e  have been d e s c r ib e d  by Bromley (19^7) a s  h o r i z o n t a l  t h r u s t  
p la n e s  formed by ic e  a c t i o n  i n  th e  P l e i s t o c e n e ,  The p re s e n t  a u th o r ,  
however, b e l i e v e s  t h a t  many such c la y  h o r iz o n s  may r e p r e s e n t  th e  
changing  l e v e l s  o f  th e  w a te r  t a b l e  w i th in  th e  ch a lk ,  p ro b ab ly  a t  a 
t im e  when th e  w a te r  t a b l e  was much h ig h e r \ th a n  a t  p r e s e n t .  At 
Barkway, H e r t f o r d s h i r e ,  a 0 . 8  m. band o f  cha lky  b o u ld e r  c la y  occurs  
a lo n g  a  p lane  i n c l in e d  a t  50% •  which i s  a l s o  b e l ie v e d  t o  be a t h r u s t  
plane, formed in  P l e i s t o c e n e  tim es  (Bromley, 19^7) -
9 .2 .9  F l i n t  f i l l e d  f r a c t u r e s
A t s e v e r a l  l o c a l i t i e s  th e  c h a lk  i s  t r a v e r s e d  by f r a c t u r e s  f i l l e d
w ith  broken  f l i n t s .  Such f r a c t u r e s  have been found alw ays t o  be
f a u l t s .  The f l i n t s  a r e  c rushed  as  a r e s u l t  o f  the  f r a c t u r i n g  t h a t
o ccu rs  d u r in g  t h e i r  fo rm a t io n .  The crushed  f l i n t s  may occ.ur a lone
or more o f t e n  th e y  a re  surrounded  by ch a lk  fragm ents  and powder. I f  
in e a r  the . s u r fa c e  ( l e s s  th a n  a  d ep th  o f  10 m.) th e  c rushed  f l i n t s  
sometimes occur i n  brown c l a y .  A t some l o c a l t i e s  c rushed  f l i n t s  
occur a p p a r e n t ly  u n r e la te d  t o  any f r a c t u r e  p la n e s .
9 .2 .1 0  W ater flow a lo n g  f r a c t u r e s
The s u r f a c e s  o f  most f r a c t u r e s  observed in  th e  f i e l d  have been
m o is t .  Even when th e  c h a lk  bounding th e  f r a c t u r e s  has been  d ry ,  
e x c a v a t io n  t o  about 0 .2  -  0 .3  m. has u s u a l ly  r e v e a le d  th e  c h a lk  
beh ind  th e  fa c e  t o  be m o is t .  The a u th o r  has o f te n  found the
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n a t u r a l  m o is tu re  c o n te n t  o f  c h a lk  t o  he c lo se  to  i t s  s a t u r a t i o n  
v a lu e  ( s e c t i o n  6 . 8 . 5) .
Although th e  f r a c t u r e  s u r f a c e s  a re  norm ally  m o is t ,  f r e e  w ater  
moving a long  f r a c t u r e s  has  been encoun te red  a t  a few l o c a l i t i e s  
o n ly .  N ear  Ranmore i n  S u rrey  w a te r  has been observed emerging 
from c h a lk  n ea r  th e  base  o f  a ro ad  c u t t i n g .  On emergency th e  
w a te r  has d e p o s i te d  c h a lk  presumably eroded from w i th in  th e  
s lo p e  ( F a r r a r ,  1975) •
At Alum Bay, I s l e  o f  Wight, w a te r  has been seen  t o  emerge 
from a  widened j o i n t .  ' The opening i n  th e  fa c e  o f  th e  s lo p e  
measured about 0 .7  m. wide and 1 .0  m. h ig h .  The j o i n t  had a 
s t r i k e  o f  N30°»7 . and a d ip  o f  90 ° .  The j o i n t  has presum ably 
been e n la rg e d  as a r e s u l t  o f  s o l u t i o n  and e r o s io n  by th e  w a te r  
f lo w in g  a long  i t .  A lthough on emergence th e  w a te r  i s  a t  beach  
l e v e l ,  th e  j o i n t  was s u f f i c i e n t l y  open f o r  th e  w ate r  to  be seen  
f lo w in g  downwards a lo n g  th e  f r a c t u r e  p la n e .  The f r a c t u r e  i s  i n  
Upper Chalk c lo s e  t o  i t s  ju n c t io n  w i th  th e  o v e r ly in g  Reading B ed s .  
The ground w ate r  v/as f lo w in g  n o r th w ard s .  The unconformable 
ju n c t io n  between th e  Chalk and th e  Reading Beds a l s o  d ip s  no rthw ards  
a t  an  ang le  o f  about 6 0 ° .
At A shw ell,  H e r t f o r d s h i r e ,  th e  a u th o r  has a l s o  no ted  w a te r  
f lo w in g  from j o i n t s  i n  th e  Chalk . The s p r in g s  emerge from th e  
T o t te rn h o e  S to n e .  Fordham ( 1965) quo tes  r e c o rd s  f o r  th e  p e r io d  
September 1963 to  December 1964 which g ive  a  minimum flow  of 
2400m^/day i n  December 1964 and ^'maximum flow  of 8300 mV day
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i n  A p r i l  1964* a l s o  comments t h a t  a  low flow v/as observed
f o r  a  few weeks i n  th e  w in te r  o f  1963 when f ro z e n  ground p rev en ted
p e r c o l a t i o n .
The a u th o r  has  found no f i e l d  ev idence  o f  w a te r  becoming 
* ponded up* in  f r a c t u r e s  w i th  r e s u l t i n g  excess  w a te r  p r e s s u r e s .  
N e v e r th e le s s  th e  p o s s i b i l i t y  does e x i s t ,  p a r t i c u l a r l y  i f  th e  
f r a c t u r e s  n ea r  th e  s lo p e  fa c e  become plugged w ith  ic e  d u r in g  
w in te r  p re v e n t in g  n a t u r a l  d ra in a g e  o f  th e  s lo p e .
Chalk s lo p e s  a r e  t h e r e f o r e  c o n s id e re d  t o  be no rm ally  
f r e e - d r a i n i n g .  Water f low  i n  th e  C ha lk ’appea rs  t o  ta k e  p lace  
m ain ly  by seepage th ro u g h  th e  mass o f  ro ck  r a t h e r  th a n  by 
flow  a lo n g  th e  f r a c t u r e s .  I n  th e  Lambourn V a lle y ,  B e r k s h i r e ,  
t h e  r a t e  o f  v e r t i c a l  seepage th ro u g h  th e  U pper Chalk above 
th e  w a te r  t a b l e  has been  measured a s  0 .8 8  m. per  y e a r  (Headworth,
1972) .
9 .2 .1 1  C onclusions  from f i e l d  s tu d ie s
F ie l d  s tu d i e s  have r e v e a le d  th e  e x i s t e n c e  o f  a number o f  
d i f f e r e n t  ty p e s  o f  f r a c t u r e  s u r f a c e s  and f r a c t u r e s .  Most f r a c t u r e s  
have smooth s u r f a c e s  or s u r f a c e s  t h a t  a r e  covered by l im o n i te  or 
c h a lk  powder. The Chalk bounding th e  f r a c t u r e s  i s  no rm ally  a t  a 
m o is tu re  c o n te n t  c lo s e  t o  th e  s a t u r a t i o n  v a lu e .  S ince most 
f r a c t u r e s  a re  p la n a r  and r e l a t i v e l y  c o n t in u o u s ,  th e  n a tu re  o f
Vth e  s u r f a c e s  i s  b e l ie v e d  to  be th e  m ajor f a c t o r  d e te rm in in g  th e  
f r i c t io n  t h a t  may be developed  a lo n g  th e se  p la n e s .
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9 .5  L a b o ra to ry  s tu d i e s
The u s u a l  l a b o r a to r y  methods f o r  t e s t i n g  f r a c t u r e d  b locks  o f  
r o c k  are , th e  t r i a x i a l  com pression  t e s t  and th e  d i r e c t  sh e a r  box 
t e s t .  Goodman (1970) has drawn a t t e n t i o n  t o  th e  d isa d v a n ta g e s  
o f  u s in g  th e  t r i a x i a l  t e s t  on ro c k  w i th  f r a c t u r e s .  One major 
d isa d v a n ta g e  i s  th e  uneven s t r e s s  d i s t r i b u t i o n  t h a t  has been 
found t o  e x i s t .  Goodman a l s o  co n s id e re d  th e  d is a d v a n ta g e s  a r i s i n g  
from use of th e  d i r e c t  s h e a r  box f o r  t e s t i n g  ro c k  f r a c t u r e s .  These 
d is a d v a n ta g e s  a re  th e  uneven s t r e s s  d i s t r i b u t i o n  t h a t  occurs  in  
th e  box, and th e  confinem ent o f  the  sample t h a t  p re v e n ts  any 
r o t a t i o n s  i n  th e  f r a c t u r e  p la n e .  He su g g e s ts  t h a t  one p o s s ib le  
s o l u t i o n  might be t o  omit th e  s id e s  o f  th e  box .
A nother d i f f i c u l t y  a s s o c ia te d  w ith  th e  use o f th e  s ta n d a rd  
s h e a r  box f o r  t e s t i n g  ro c k  f r a c t u r e s ,  th a t  th e  a u th o r  b e l ie v e s  to  
be o f  im p o rtan ce , i s  th e  r e l a t i v e l y  sm a ll s iz e  o f th e  sample u se d .
As ro c k  f r a c t u r e s  a re  f e a tu r e s  o f  c o n s id e ra b le  e x te n t  and t h e i r  
s u r f a c e s  may show s ig n i f i c a n t  v a r i a t i o n ,  th e  t e s t i n g  o f  th e  l a r g e s t  
p o s s ib le  su rfa c e  a re a  o f  th e  f r a c t u r e  i s  d e s i r a b l e .  A lthough la rg e  
s iz e  sh e a r  boxes have been  made to  overcome t h i s  p a r t i c u l a r  problem , 
th e y  a re  n o t g e n e ra l ly  a v a i la b le  and a re  complex and ex p en siv e  to  
c o n s t r u c t .
/
I n  an a tte m p t to  overcome th e  problem s a s s o c ia te d  w ith  th e  u se  
o f th e  s ta n d a rd  sh e a r  box, a sim ple p ie ce  o f  a p p a ra tu s  was c o n s tru c te d .  
T h is  a p p a ra tu s  was used  t o  d e te rm in e .th e  an g le  o f  s t a t i c a l  f r i c t i o n  
o f  f r a c t u r e  s u r fa c e s  o f  ro c k .  T e s ts  were u n d e rta k e n  u s in g  th e  
a p p a ra tu s  on a v a r i e ty  o f c h a lk  f r a c t u r e  s u r f a c e s .
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9.5*1 F r i c t i o n  m easuring  la b o r a to r y  a p p a ra tu s
The a p p a ra tu s  c o n s i s t s  o f  two t im b e r  p la tfo rm s  hinged  to g e th e r  
along- one s ide*  The h in g e s  a l low  one p la t fo rm  t o  be r a i s e d  or 
lowered as  d e s ire d *  A s c a le  a l lo w s  th e  an g le  a t  Y/hich th e  p la t fo rm  
i s  i n c l in e d  t o  be measured* The a p p a ra tu s  i s  shown i n  F ig .  67*
The samples t o  be t e s t e d  were p laced  in  wooden moulds w i th
f r a c t u r e  s u r f a c e s  upperm ost .  Quick s e t t i n g  p l a s t e r  was th e n
poured in t o  th e  moulds and a llow ed  t o  s e t .  A f te r  rem oval from
th e  moulds, th e  b lo c k s  were p laced  on th e  movable p la t fo rm  of
th e  a p p a ra tu s  so t h a t  th e  f r a c t u r e  s u r f a c e s  were i n  c o n t a c t .
The p la t fo rm  was th e n  r a i s e d  u n t i l  s l i d i n g  o f  th e  upper b lo c k  on
th e  low er b lo c k  to o k  p l a c e .  S l id in g  o f  th e  lower b lo ck  was
p rev en ted  by a  r i d g e  a t  th e  low er end o f  th e  movable p la t fo rm .
The ang le  a t  which s l i d i n g  occu rred  was recorded*  The ang le  a t - which
s l i d i n g  occurred  was r e c o r d e d .  The ang le  o f  s l i d i n g  was found
t o  be m easurable  t o  th e  n e a r e s t  0 .5 °*  The sh ea r  s t r e n g t h  i s  no t 
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measured d i r e c t l y  i n  th e  t e s t  bu t may be o b ta in ed  from th e  
r e l a t i o n s h i p ,
x  -  ern t a n  , ( 9 .1 )
where = s h e a r  s t r e n g t h  o f  f r n c t u r e ,
0 “ * = normal s t r e s s  a c t i n g  on f r a c t u r e ,
JlSg = an g le  o f  s t a t i c a l  f r i c t i o n  o f  f r a c t u r e .
Surcharges  p laced  on th e  b lo c k s  were used where th e  beh av io u r  
under d i f f e r e n t  normal lo a d s  was t o  be examined. However, v e ry  
h igh  normal lo ad s  were found t o  be d i f f i c u l t  t o  ach ieve  by t h i s  
method. 10 kg. was found t o  be th e  maximum su rch arg e  e a s i l y  u sed .
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The a u th o r  b e l i e v e s  t h a t  t h i s  t e s t  may s im u la te  i n  s i t u  
cond i t i o n s  o f  s l i d i n g  more c l o s e l y  th a n  the  co n v e n t io n a l  sh e a r  
box, s in c e  movement i s  induced by th e  v e r t i c a l  load r a t h e r  th a n  
an e x t e r n a l l y  a p p l ie d  s h e a r in g  s t r e s s .  I n  a d d i t i o n ,  th e  a p p a ra tu s  
overcomes th e  problems o f  l a t e r a l  r e s t r a i n t  d is c u s se d  e a r l i e r .
9 .3 .2  T e s t s  on d ry  f r a c t u r e s
T e s t s  were u n d e r ta k e n  on p rep a red  b locks  of c h a lk .  The ch a lk  
b lo c k s  were cu t  from l a r g e r  masses o b ta ined  from th e  Upper Chalk 
n e a r  Redbourn, H e r t f o r d s h i r e .  Each b lo c k  had one c a r e f u l l y  cu t  
s u r f a c e  r e p r e s e n t in g  a  smooth f r a c t u r e  s u r f a c e .  The c o n ta c t  a rea  
o f  th e  b lo c k s  was 184 mm. x. 111 mm. The m o is tu re  c o n te n t  o f  th e  
b lo c k s  was ($>. The b lo c k s  were prepared- i n  moulds and t e s t e d  as  
d e s c r ib e d  i n  S e c t io n  9*3*1*
T e s ts  were u n d e r ta k e n  f i r s t l y  u s in g  on ly  th e  p rep a red  b lo c k s ,  
and th e n  w i th  in c r e a s in g  s u rc h a rg e s ;  th e se  b e ing  2, 4> 8 and .
10 kg . For each  s e r i e s  o f  t e s t s  s l i d i n g  o f  one b lock  on the  o th e r  
was r e p e a te d  and on each  o cca s io n  th e  ang le  a t  which s l i d i n g  
commenced was r e c o rd e d .  T his  an g le  was found to  d e c re a se  by as  
much a s  3 or 4° a f t e r  on ly  s i x  s l i d e s .  A f te r  l i g h t l y  b ru s h in g  
th e  s u r f a c e s  and t e s t i n g  a g a in ,  th e  ang le  o f  s l i d i n g  was found 
t o  in c re a s e  s i g n i f i c a n t l y  ( F i g .  68) .*
To i n v e s t i g a t e  th e  e f f e c t s  o f  con tinued  movement th e  s l i d i n g  
o f  one b lock  upon th e  o th e r  was r e p e a te d  many t im e s .  The r e s u l t s  
o f  th e s e  t e s t s  a re  shown in F ig .  69* The d a ta  has been
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Ficj. 67 , Apparatus for determination of statical an^le. cf friction of 
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s t a t i s t i c a l l y  t r e a t e d  u s in g  a s ta n d a rd  time s e r i e s  te c h n iq u e .
The r e s u l t s  i n d i c a t e  th e  fo llow ing*
(a )  The ang le  o f  s l i d i n g  i n i t i a l l y  d e c re a se s  and th e n
te n d s  t o  in c re a s e  w i th  con tinued  movement,
(b) The g r e a t e s t  i n i t i a l  d ec re a se  and g r e a t e s t  subsequen t
in c re a s e  occur i n  th e  case  o f  z e ro  s u rc h a rg e .
(c )  The h ig h e r  s u rc h a rg e s  te n d  t o  show only  sm all  
v a r i a t i o n s  i n  th e  ang le  o f  s l i d i n g .
(d) The ang le  o f  s l i d i n g  v a r i e s  from a minimum o f  34*4°
t o  a  maximum o f  4 0 . 2°  i n  th e  case o f  ze ro  su rch a rg e .
(e )  . The average  v a lu e  f o r  th e  ang le  o f  s l i d i n g  o b ta ined
from a l l  th e s e  t e s t s  was 37° .
E xam ination  o f  th e  s l i d i n g  s u r f a c e s  showed t h a t  f i n e  powder 
had been  formed on th e  s u r f a c e s  a f t e r  only  a sm all  amount of 
s l i d i n g ,  perhaps two o r  t h r e e  s l i d e s .  A f te r  more con tinued  
s l i d i n g  th e r e  was found t o  be a b u i ld - u p  o f  powder, o f t e n  
2 -3  mm. t h i c k ,  on th e  s u r f a c e s ,  t o g e th e r  w i th  g roov ing  (u p  t o  a 
d e p th  o f  2. mm.) o f  any p a r t  o f  th e  s u r f a c e s  n o t  covered  by po?<?der. 
With th e  h ig h e r  su rc h a rg e s  sm a l l  f ragm en ts  o f  c h a lk ,  1-2 mm. in  
d ia m e te r ,  and m ostly  a n g u la r ,  were observed on th e  s u r f a c e s .  These 
e f f e c t s  a re  shown i n  P l a t e s  X and X I ,
,9 .3 .3  T e s ts  on wet f r a c t u r e s
F ie ld  o b s e rv a t io n s  have sugges ted  t h a t  even a l th o u g h  most 
s lo p e s  i n  ch a lk  l i e  above th e  permanent w a te r  t a b l e ,  f r a c t u r e  
s u r f a c e s  a re  f r e q u e n t ly  w et,  and th e  c h a lk  ap p ea rs  t o  have a h ig h  * 
m o is tu re  c o n te n t .  T e s ts  were th e r e f o r e  c a r r i e d  out on b lo ck s  of
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ch a lk  in  a  wet c o n d itio n . The blocks were prepared from la rg e r  
samples obtained  from the  Upper Chalk a t  Redbourn, H e r tfo rd s h ire ,
The prepared b locks had sawn su rfa ce s  to  re p re se n t smooth f r a c tu re  p lanes 
as w ith  the  b locks used in  the  dry t e s t s .  The in  s i t u  m oisture co n ten t 
of th e  chalk  was found to  be 23-2&/o. B efore t e s t in g  on the  s l id in g  
a p p ara tu s  the  p repared  b lock  samples were soaked in  w ater fo r  24 h o u rs . 
The m oisture co n ten t o f th e  s a tu ra te d  samples was determ ined as 25*3^*
The n a tu ra l  m oisture co n ten t of the chalk  a t  the  Redbourn lo c a l i ty  i s  
th e re fo re  a t  or ex trem ely  c lo se  to  th e  s a tu ra t io n  m oisture c o n te n t.
Measurement of s l id in g  ang les  was c a r r ie d  out as in  the  p rev ious 
s e r ie s  of t e s t s .  The r e s u l t s  o f the  t e s t s  a re  shown ‘in  F ig , 70* The 
d a ta  has been s t a t i s t i c a l l y  t r e a te d  in  the  same way as the  p revious 
s e t  o f r e s u l t s .  T e s ts  were only undertaken  fo r  the  b locks alone w ith  
no su rch arg e . The main r e s u l t s  of th ese ' t e s t s  a re  as fo llo w s,
(a ) The an g les  o f s l id in g  in c rease  w ith  continued movement 
from a minimum average value  of 21 , 2° to  a maximum
!average va lue  of 4 1 *2° .
(b) A fte r th e  la rg e  i n i t i a l  in c rease  in  the angle of s l id in g ,  
the  angle of s l id in g  rem ains f a i r l y  co n stan t a t  an 
average value  of about 4O0 .
’ (c ) Some very  e r r a t i c  in d iv id u a l v a lu es  were recorded  in  the
t e s t s .  These were as low as 13° and as h igh  as 62°.
Exam ination of the  su rfa ce s  showed th a t  a f t e r  some continued 
s l id in g  (about 15 s lid e s )  a wet chalk  sludge had developed on the  
s u r fa c e s . With fu r th e r  s l id in g  the  sludge became th ic k e r  and 
reached 1mm. in  th ic k n e s s , A few sm all chalk  fragm ents were a lso
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Fio^ . Effect of continued movement on statical an l^e. of friction (,<$s)"f 
^ ' wet t e s t  blocks. (Data Was been statistically treated).
(o'! Irregular fracture- surface. (U) Hi«^» ^ oirrt-s removed and o^usder fills trough*
(c)P ow der ar\d fra^mervts on fracture surface
F 1 3 . I I .  Effect of slid in a on nature, of fracture surface-.
2qo
p re sen t on th e  s u r fa c e s . These e f f e c t s  a re  shown in  P la te s  XII 
and X I I I .
The p a r t i c u la r ly  low ang les of s l id in g  were reco rded  when f re e  
w ater was p re sen t on th e  chalk  s u r fa c e s . I n  these  cases s l id in g  
occurred suddenly and r a p id ly .  Push ing  of the  blocks to g e th e r  by 
hand p ressu re  from above had th e  e f f e c t  of in c re a s in g  th e  angle of 
s l id in g ,  u su a lly  to  about 50- 60° , but no t h igher th an  any ang les of 
s l id in g  recorded  by s l id in g  of the  b locks under t h e i r  own w eigh t.
9 .4  D iscussion  '
As was expected w ith  th e  r e s u l t s  of t e s t s  on d ry ■f r a c tu r e s ,  th e  
angle a t  which s l id in g  occurred  decreased , a t  le a s t  i n i t i a l l y ,  w ith  
continued  movement. This would tend  to  occur aS any I r r e g u l a r i t i e s  
o f th e  su rfa ce s  a re  removed by th e  s l id in g  of one b lock  over the  
o th e r .  However, th e  l a t e r  in c rease  in  the  angle of s l id in g  a f t e r  
f u r th e r  movement was not ex p ec ted . The cause of th ese  changes in  
th e  angle pf s l id in g  achieved  i s  b e liev ed  to  be the powder and 
fragm ents which develop on the  f r a c tu re  s u rfa c e s .
I n i t i a l l y ,  th e  fo rm ation  o f f in e  powder may f i l l  in  some of 
th e  vo ids on the f r a c tu re  su rface  and a s s i s t  in  the  low ering of 
th e  angle o f t i l t  re q u ire d  fo r  movement to  occur. The p o ss ib le  
s i tu a t io n  i s  shown in  F ig . ’J'l • A fte r th i s  i n i t i a l  s ta g e , however, 
th e  fo rm ation  of a d d i t io n a l  powder ( o f te n  2-3 nim. th ic k ) on th e  
su r fa c e s , and the  g rooving  (up  to  a depth  of 2mm.) on su rfa c e s  not 
covered by powder, in c re ase  f r i c t i o n  and make s l id in g  more- d i f f i c u l t .  
The sm all, m ostly a n g u la r , fragm ents of chalk , 1-2 mm. in  d iam eter,
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p re sen t when the  h ig h e r su rcharges were used, must have a s im ila r  
e f f e c t .  A fte r th e  b u ild -u p  of m a te r ia l along the  s l id in g  p lan e , 
th e  b locks o fte n  tended to  suddenly s t i c k  or s l id e  i r r e g u la r ly .
At h ig h e r su rcharges th e  fragm ents, powder and grooves were 
no t found to  cause such a g re a t in c re a se  in  the  angle of s l id in g  
as th a t  o b ta ined , fo r  example, w ith  zero  su rch arg e . However, th e  
powder and grooving s t i l l  had th e  e f f e c t  of causing  s t ic k in g  and 
i r r e g u la r  movement as one b lo ck  moved upon th e  o th e r . Y /ith th e  
maximum surcharge used , th a t  o f 10 k g ., the  average angle of 
s l id in g  showed an in c re a se  from a minimum value of 36-4° to  
a maximum of 38«0°. An in c re a se  or decrease  of th i s  amount 
occu rrin g  on an in  s i t u  f r a c tu re  might s t i l l  be s ig n i f ic a n t .
The f i e ld  s tu d ie s  have rev ea led  th a t  many f r a c tu r e s  in  th e  
Chalk do c o n ta in  i n f i l l i n g s  or have m a te r ia l co a tin g  th e  s u r fa c e s . 
The la b o ra to ry  t e s t s  in d ic a te  th a t  i f  th ese  i n f i l l i n g s  or co a tin g s  
a re  removed,- by, fo r  example, p e rc o la tin g  w ater, th e re  w i l l  be a 
.decrease  in  th e  f r i c t i o n  developed along the f r a c tu r e .  I f  the  
f r a c tu re  i s  in c lin e d  a t  an angle c lo se  to  th a t  fo r  s l id in g  along 
th e  f r a c tu re  to  e a s i ly  occur, th en  a re d u c tio n  in  f r i c t i o n  could 
i n i t i a t e  movement along th e  f r a c tu re  s u r fa c e . The la b o ra to ry  t e s t s  
in d ic a te  th a t  rem oval of th e  powder and fragm ents could decrease 
th e  angle of f r i c t i o n  of th e  f r a c tu re  su rface  by as much as 6° .
Much la rg e r  changes have.been  shown to  be p o ss ib le  i f  th e  e f f e c t s  
of m oisture a re  co n sid e re d . The presence of w a ter, and the  p o ss ib le  
fo rm ation  of wet sludge a long  the  f r a c tu r e ,  could reduce the
2S4
angle  of f r i c t i o n  of th e  su rface  by as much as 20° .
Work undertaken  by many re s e a rc h e rs  in d ic a te s  th a t  th e  shear 
s tre n g th  of rock  reach es  a peak value a t  f a i lu r e  and th en  decreases 
as movement occurs along the  f a i lu r e  plane u n t i l  a r e s id u a l  va lue  
i s  obtained* F rac tu re  su rfa c e s  in  ro ck  are  th e re fo re  c h a ra c te r is e d  
by an angle of r e s id u a l  s l id in g  re s is ta n c e  Hendron (1968) has
in d ic a te d  th a t  th e  sh ea rin g  r e s is ta n c e  a long  a d is c o n t in u ity  i s  
dependent on the amount ,of . p rev ious r e l a t i v e  displacem ent th a t  has 
occurred between the  ro ck  s u r fa c e s . The r e s u l t s  o f th e  au th o r’ s 
t e s t s  support t h i s ,  and, in  a d d itio n , in d ic a te  th a t  the  value 
may vary  s ig n i f ic a n t ly  fo r  th e  same ro ck  type depending on the  
type of f r a c tu re s  and f r a c tu re  su rfa c e s  p re s e n t. The t e s t s  a lso  
in d ic a te  th a t  in  some cases th e  ^ p eak- va lue  may decrease  to  a j#r  
va lue  and th en  in c re ase  to  a new v a lu e . This i s  shown in  F ig . 72.
P a tto n  ( 1966) has shown th a t  the  shear s tre n g th  of d is c o n t in u i t ie s  
Ii s  p a r t ly  dependent on th e  magnitude of the  normal lo a d . At low
normal loads i r r e g u l a r i t i e s  o f th e  f r a c tu re  plane a re  no t r e a d i ly
removed during  movement. C onsequently, th e re  i s  an a d d it io n a l
component of f r i c t i o n  p re sen t th a t  does no t e x is t  i f  the  f r a c tu re
plane i s  smooth. This a d d i t io n a l  component i s  the  angle between the
i r r e g u l a r i t i e s  and th e  s l id in g  su rface  (denoted  by $ . . ) .  At low£
normal lo a d s , P a tto n  found th a t  d isp lacem ents occur th a t  a re  
p e rp en d icu la r to  th e  d i r e c t io n  o f the  sh ea rin g  fo rc e . At h igh  
normal loads f a i lu r e  o f any i r r e g u l a r i t i e s  on the f r a c tu re  su rface  
occurs and th e re  i s  no d i l a t a n t  v e r t i c a l  movements. The f a i lu r e
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FigJ7£(a). Variation o f t h e  angle of frictional sliding real stan ce toVfln 
displacement of fracture* surfaces
Ftg.*7£(b>y Observed variation of itae- angle of statical fric-Hon w ith  
displacement for fr a c tu r e  su rfaces o f dr'j chalk.
envelopes obtained  by P a tto n  are  shown in  P ig , 73* The v e r t i c a l  
d is ta n c e  between the  two f a i lu r e  envelopes ( x ) . r e p re se n ts  the  
s iz e  of the sh ea rin g  r e s is ta n c e  lo s t  w ith  d isp lacem en t. So, 
a lthough  th e re  i s  no cohesion  in te r c e p t ,  th e re  i s  some in te r n a l  
’ cohesion’ c rea ted  by th e  i r r e g u l a r i t i e s .  This reach es  a maximum 
v alue  when the  i r r e g u l a r i t i e s  a re  sheared o f f ,  and i s  co n stan t fo r  
h igher normal lo a d s . For curve OA the  cohesion i s  d i r e c t ly  
p ro p o r tio n a l to  the  normal lo ad ; fo r  curve AB i t  i s  independent of 
th e  normal load#
I n  the  a u th o r 's  s l id in g  t e s t s  oh chalk  th e  average v a lu es  fo r  
the  s l id in g  an g les ob ta ined  a t  each increm ent of normal load a re  
as fo llow s:
n
0 .69  p /m 2 37*5°
1.65 1$ /  m2 37 .0°
2.64 p /m 2 36 .5°
3.62 bN/m2 38.0 °
4*60 p /m 2 37*0°
5*58 p 'm 2 37*0°
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S
Normc*\ \oad cr.
F«ty~?3 Failure. Envelopes ■for sm ooth ar\d irregular fracture surfaces  
(after Patton,
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These v a lu es  fo r  CT and /  may be s u b s t i tu te d  in  the  s tan d ard  
equation :
S = O 'n ta n  0  (9 .2 )
I n  P ig . 74 th ese  c a lc u la te d  shear s tre n g th  v a lu es  have been p lo tte d  
a g a in s t normal lo ad . The p o in ts  l i e  on a s t r a ig h t  l in e  passing  
th rough  the  o r ig in .  Since th e  normal loads used a re  sm all, th i s  
curve may equate w ith  th e  OA segment o f P a t to n 's  curves (F ig . 73) • 
The curve could a ls o  equate  w ith  the  00 segment of P a tto n 1 s curve 
s in ce  th e  t e s t s  on ch a lk  were undertaken  on r e la t iv e ly  smooth 
s u r fa c e s . However, even w ith  th ese  t e s t s  a t  low normal loads th e re  
i s  some evidence th a t  as normal load in c re a se s , so th e .a n g le  of 
s l id in g  d e c rea se s . The ty p ic a l  end of t e s t  value fo r  each increm ent 
of normal load ob tained  in  the  s l id in g  t e s t s  on chalk  are  as fo llow s
CTn 0 S
0 .69  Idf/m2 40.0°
. 1.65 m/m2 . 38.O0
2 J64 m/m2 3 8 .5 °
3.62 m/m2 3$ i5?
4 .60 m /m 2 37 .0°1
5.58 m/m2 37.O0
I f  th e se  v a lu e s 'a r e  s u b s t i tu te d  in  the  standard  eq u a tio n  fo r  sh ear 
s tre n g th  the  curve shown in  P ig . 75 i s  o b ta in ed .
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Fig. -SH ear strength  (S>) c a lc u la te d  using average values obtained
■for t h e  s t a t i c a l  angle, o f  -friction  ($&) p lo ted  a g a in s t  normal load (a-n).
KN|m* s
S
cr.n
Ficy *15 SViear Sfrenq+h (S) calculated usinc^ end o b t e s t  valuer  
obtained -for th e  s ta tica l angle o f f  ricti on plotted against normal load^cr^.
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9 .5  Conclusions
(a) A number of d i f f e r e n t  types of f r a c tu re  su rfa ce s  and i n f i l l i n g s  
occur in  th e  Challc,
(b) R ecognition  of the  type of f r a c tu re  su rface  or i n f i l l i n g  p re sen t 
a t  a p a r t ic u la r  lo c a t io n  i s  im portant because i t  a f f e c t s  the 
sh ea rin g  re s is ta n c e  of the f r a c tu re  p lan e .
(c ) With movement f r a c tu re  su rface s  in  chalk  may show a re d u c tio n  
in  f r i c t i o n a l  r e s is ta n c e ,  bu t t h i s  may in c rease  ag a in  as 
powder, g rooves, and fragm ents occur on th e  p lan e .
(d) The average la b o ra to ry  determ ined angle of f r i c t i o n a l  r e s is ta n c e  
fo r  dry f r a c tu re  p lanes in  ch a lk  i s  37° •
(e ) Removal of i n f i l l i n g s  may lower the  f r i c t i o n a l  r e s is ta n c e .
( f )  M oisture s ig n i f ic a n t ly  lowers the f r i c t i o n a l  r e s is ta n c e .
(g) The f r i c t i o n a l  r e s is ta n c e  of f r a c t u r e .su rfa c e s  i s  load  
dependent.
(h) The behaviour o f f r a c tu re  su rfa ce s  i s  complex and re q u ire s
fu r th e r  s tu d y .i . .
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10. GENERAL DISCUSSION
10.1 In tro d u c tio n
The au th o r co n sid e rs  th a t  the  conclusions a rr iv e d  a t  from the  
p re sen t re se a rc h  confirm  in  the  f i e ld  some of the g e n e ra l th e o r ie s  
o f ro ck  slope s t a b i l i t y  developed by e a r l i e r  w orkers. I n  a d d itio n  
th e  conclusions show more s p e c i f ic a l ly  how some f a c to r s ,  which have 
no t been d e a lt  w ith  f u l l y  e lsew here, a f f e c t  the  s t a b i l i t y  of s lo p es  
in  ch a lk . N e v e rth e le ss  many of th ese  conclusions a re  b e liev ed  to  
be a p p lic a b le  to  o th e r ty p es  of ro c k . I n  th i s  d isc u ss io n  the model 
of slope  development which has become apparent as a r e s u l t  of the 
work i s  desc rib ed  f i r s t l y ,  and' th en  some of the  o th er more d e ta i le d  
r e s u l t s  w i l l  be d iscu ssed  and t h e i r  w ider im p lic a tio n s  co n sid ered .
10.2  Model o f slope development
The f i e ld  work has in d ic a te d  th a t  two main types o f i n s t a b i l i t y  
occur: major slope f a i lu r e  and slope d eg rad a tio n . These two types
of i n s t a b i l i t y  are  c lo s e ly  r e la te d  to  the  s tag e s  in  th e  re d u c tio n  of 
the ' angle  'of s lo p e . I n  a f r e s h  v e r t i c a l  s lo p e , whether excavated 
n a tu ra l ly  or by man, s t a b i l i t y  of th a t  slope i s  i n i t i a l l y  c o n tro lle d  
by th e  o r ie n ta t io n  o f the p re -e x is t in g  f r a c tu re  p la n e s . D iffe re n t 
ty p es  of f a i lu r e  a re  p o ss ib le  depending on th e  o r ie n ta t io n  and 
in te r s e c t io n  of th e se  p re -e x is t in g  f r a c tu re  p lanes in  r e l a t i o n . t o  
th e  o r ie n ta t io n  of the  face  o f the  s lo p e . Where th ese  f r a c tu re  
p lanes a re  in c lin e d  a t  an g les  of up to  80- 85° s l id in g  of the f a i l i n g  
mass of rock  o ccu rs . Where the  f r a c tu re  p lanes a re  in c lin e d  a t  
an g les  in  excess of 80- 85° th e  u n s tab le  mass f a i l s  by ro ck  f a l l .
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S lid in g  f a i lu r e s  a re  p o ss ib le  along p lanes in c lin e d  a t  ang les as 
low as 30° from the  h o riz o n ta l*
The lik e lih o o d  of f a i lu r e  along the p re -e x is t in g  f r a c tu re  
p lanes depends on a number of f a c to r s ,  the  most im portan t being:
(a) the  c o n tin u ity  of the f r a c tu r e ;
(b) the  n a tu re  o f the  f r a c tu re  su rfa ce ; and
(c) the  occurrence of o th e r f r a c tu re s  to  de fin e  th e  l a t e r a l
ex ten t of th e  f a i l u r e .
I n  some cases f a i lu r e  may occur predom inantly w ith in  in ta c t  chalk  
(Type D, te n s io n -sh e a r  f a i l u r e ) ,  e i th e r  r e la te d  or u n re la te d  to  
th e  system of p re -e x is t in g  f r a c tu r e s .  These major f a i lu r e s  may . .
th e re fo re  r e s u l t  in  a ra p id  and la rg e  re d u c tio n  in  th e  angle of 
s lo p e .
Where the  face  i s  be ing  a c t iv e ly  eroded a t  th e -b a se , i t - w i l l  
be su b je c t to  continued  r e t r e a t  by major slope f a i l u r e s .  Two types 
of fa ilu re ] ' have been reco g n ised  which a re  lim ite d  to  such s i tu a t io n s  
(Type C, in v e rte d  b lock  rem oval, and Type H, in v e rte d  wedge, rem o v a l).
Where the  face i s  ho longer su b je c t to  major f a i lu r e s  or a c tiv e  
e ro s io n , i t  undergoes th e  second type of i n s t a b i l i t y ,  slope 
d e g ra d a tio n . A secondary f r a c tu re  system becomes superimposed on 
th e  prim ary f r a c tu re  system  as a r e s u l t  i n i t i a l ly -  of s t r e s s  r e l i e f ,  
and th en  of w eathering  of the  fa c e . F ro st a c tio n  i s  the  main 
w eathering  process th a t  a f f e c t s  ch a lk , and s ig n if ic a n t  f r a c tu r in g  
and loosen ing  of the  ch a lk  form ing th e  face may occur a f t e r  exposure 
to  two w in te rs  w ith  severe  f r o s t .  This process of d eg rad a tio n
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r e s u l t s  in  the loosened p ieces  of ro ck  becoming detached from th e  
face  and f a l l i n g  under g ra v ity  to  th e  base of the  s lo p e . As th e  
p ieces  of f a l l e n  ro ck  accum ulate a t  th e  base o f the  slope so th ey  
p ro te c t i t  from f u r th e r  w eath e rin g . W eathering i s  th e re fo re  
in c re a s in g ly  co n cen tra ted  on the  upper p a r t of the slope which 
con tinues to  degrade u n t i l  an angle of slope i s  achieved a t  which 
v e g e ta tio n  becomes e s ta b lis h e d  and p ro te c ts  the  slope from f u r th e r  
d eg rad a tio n  (F ig . 76) .
10.5 Groundwater
Many slope f a i lu r e s  in  v a rio u s  types o f rock  have been 
a t t r ib u te d  to  th e  e f f e c t s  of ground w a te r . However, th e  p re sen t 
au th o r has found only l im ite d  evidence to  suggest th a t  ground 
w ater i s  a major cause of i n s t a b i l i t y  in  chalk  s lo p e s .
Since chalk  en masse i s  r e l a t i v e ly  permeable and homogeneous, 
s lo p es  formed by i t  a re  norm ally f r e e -d ra in in g . The w ater ta b le  
i s  th e re fo re  u su a lly  a t  a low le v e l  w ith in  the  s lo p e . H utchinson 
(1972) has dem onstrated th a t  in  Thanet the  p h re a tic  su rface  i s  
low. Even a t  d is ta n c e s  o f 1 km. from the  co ast the  p h re a tic  
su rface  i s  a t  an average e le v a tio n  o f only + 2m. O.D. H ear the  
co as t the  p h re a tic  su rfa ce  i s  a f fe c te d  by the  t id e s .
Even slopes excavated in  chalk  below the  le v e l  of th e  w ater 
ta b le  a re  l ik e ly  to  become f r e e -d ra in in g  q u ite  r a p id ly  since  the  
h igh  p e rm eab ility  of th e  chalk  a llow s the  w ater ta b le  to  a d ju s t 
q u ick ly  to  a new le v e l  (F ig . 77) s lopes excavated below the
w ater ta b le  le v e l ,  th e  g r e a te s t  p re ssu re s  due to  ground w ater
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(o).
(b).
i
(c).
Fij.76. Stacyes in t h e  degradation of a topical chalk slope.
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4.. W a ter  t-able lev e l b e fo r e  excavation o f slope  
2L, W ater ta b le  level a fter  excavation of slope.
F ig .77 . E ffect on w ater table of slope excavated below th a t level
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w il l  th e re fo re  p re v a il  im m ediately a f t e r  ex cav a tio n . As drainage 
o f the  slope occurs th e  le v e l  of th e  w ater ta b le  w i l l  f a l l  and 
ground w ater p re ssu re s  w i l l  be reduced . Such excavations below 
th e  w ater ta b le  a re  th e re fo re  l ik e ly  to  be most u n s tab le  during  
and im m ediately fo llo w in g  ex cav a tio n .
H igh w ater p re ssu re s  w ith in  th e  slope due to , fo r  example, 
poor n a tu ra l  d ra in ag e , th e  b lock ing  of w a te r-b ea rin g  f r a c tu re s  
by c la y , or h igh  w ater le v e ls  in  f r a c tu re s  a f t e r  p e rio d s  of h igh  
r a i n f a l l ,  a re  l ik e ly  to  be in freq u e n t in  chalk  s lo p e s . H ev erth e le s  
s ig n if ic a n t  v a r ia t io n s  in  th e  w ater ta b le  le v e ls  w ith in  th e  Chalk 
do o ccu r• For example, in  the  n o rth e rn  C h ilte rn s  r e s t  w ater ta b le  
le v e ls  in  a w e ll on D unstable Downs, B ed fo rd sh ire , showed a r i s e  
o f 28.5 e .  between September, 1968 and March, 1969* an£* r e s t  w ater 
le v e ls  in  a w ell a t  O ff le y , H e r tfo rd s h ire , showed a r i s e  of 54*6 m. 
between September, 1968 and February 1969* Both r i s e s  occurred 
a f t e r  h igh  w in te r  r a in f a l l*  As mentioned in  S ec tio n  9*2.10,
Fordham (1'965) Has commented th a t  an e x c e p tio n a lly  low flow from 
th e  T otternhoe Stone a t  Ashwell S p rings, H e r tfo rd s h ire , in  th e  
w in te r  o f 1965 was due to  fro zen  ground p rev en tin g  p e rc o la tio n . 
Such la rg e  r i s e s  in  th e  le v e l  of th e  w ater ta b le  caused by high  
r a i n f a l l  an d /o r in te r ru p t io n  in  the  n a tu ra l  drainage due to  
f r e e z in g , may r e s u l t  in  slope i n s t a b i l i t y .
Water flow from slo p es  in  chalk  has been noted a t  a few 
l o c a l i t i e s .  I n  th e se  cases th e  w ater has been observed to  flow 
from f r a c tu re  p la n e s . The au thor-1 s f i e ld  in v e s t ig a t io n s ,  however,
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in d ic a te  th a t  seepage from s te e p  s lo p es  in  t h i s  way i s  un u su al.
5?here i s  evidence to  suggest th a t  most flow in  th e  C halk  i s  by 
seepage flow r a th e r  th an  by f r a c tu re  flow (Headworth, 1972) •
E le c tro n  microscope photographs of samples of M iddle and 
Upper Chalk c o lle c te d  by th e  au th o r have rev ea led  two main te x tu re s  
to  e x i s t .  I n  chalk  of s o f t  and medium hardness th e  coccospheres 
composing the  ro ck  a re  u s u a lly  complete and th e  te x tu re  i s  open.
As a r e s u l t  th e  chalk  i s  of r e l a t i v e ly  high p o ro s ity  and seepage 
th rough  the  mass of th e  rp ck  i s  p o s s ib le . I n  th e  h a rder v a r i e t i e s  
o f chalk  complete coccospheres a re  uncommon and in s te a d  th e  ro ck  
i s  m ainly composed of th e  sep a ra ted  c o c c o li th s .  As a consequence 
th e  te x tu re  i s  compact, th e  p o ro s ity  .is low er, and seepage through 
th e  mass of th e  ro ck  i s  co n sid e rab ly  reduced . The h a rd e r v a r i e t i e s  
o f ch a lk  a re  th e re fo re  l ik e ly  to  be c h a ra c te r is e d  by f r a c tu re  flow 
and the  s o f te r  v a r i e t i e s  by seepage flow .
The f i e ld  in v e s t ig a tio n s  conducted by th e  au th o r have re v e a le d
i
th a t  th e  f r a c tu re  spacing  in  th e  ha rd er chalks i s  co n sid e rab ly  
w ider th an  in  the  s o f te r  c h a lk s . S p rin g s  a re  a ls o  known to  some­
tim es emerge from th e se  h a rder bands of chalk  where th ey  outcrop  
in la n d . The harder la y e rs  of chalk  a re  th e re fo re  more l ik e ly  to  
be su b jec ted  to  high f r a c tu re  w ater p re s su re s .
The a u th o r 's  in v e s t ig a t io n s  suggest th a t  the  in flu en ce  of 
ground w ater on the  s t a b i l i t y  of s lo p es  in  chalk  i s  l im ite d . There 
i s ,  f o r  example, no evidence to  in d ic a te  th a t  h igh  w ater p re ssu re s  a re  
an im portant c o n tr ib u to ry  cause Of th e  major types of slope f a i lu r e
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which have been reco g n ised  in  s te e p  c o a s ta l  chalk  s lo p e s . 
N ev erth e le ss  the  e f f e c t s  of ground w ater on s t a b i l i t y  a re  complex 
and f u r th e r  d e ta i le d  work i s  re q u ire d .
10.4 F rac tu re  o r ie n ta t io n s
The o r ie n ta t io n  and n a tu re  of p re -e x is t in g  f r a c tu r e s  has been 
reco g n ised  as the  main f a c to r  c o n tro l l in g  the  s t a b i l i t y  of s te e p  
slo p es  in  c h a lk . The f i e l d  measurements of th e  s t r ik e  d ire c t io n s  
o f f r a c tu re s  enabled d e f in i te  f r a c tu re  p a tte rn s  to  be d iscerned  
w ith in  the  Chalk. That th e se  f r a c tu re  p a tte rn s  may be determ ined 
re g io n a l ly  i s  b e liev ed  to  be of s ig n if ic a n c e . I f  the  f r a c tu re  
p a t te rn  may be reco g n ised  a t  a number of l o c a l i t i e s ,  and i f  the  
p a t te rn  rem ains reaso n ab ly  co n stan t over a g iven  a re a , then  
p re d ic tio n s  may be made of the  f r a c tu re  p a t te rn  lik e ly - to  be 
p re sen t in  an a rea  where perhaps th e re  a re  no exposu res.
Measurement of f r a c tu re  o r ie n ta t io n s  and in sp e c tio n  of 
f r a c tu re  su rfa ce s  u s in g  co res ob tained  from boreho les  i s  
ex trem ely  d i f f i c u l t  because of th e  r e l a t iv e ly  sm all a rea  of 
th e  f r a c tu re  observed, and the  problems of r o ta t io n  o f th e  core 
d u rin g  e x tr a c t io n .  A lthough la rg e  d iam eter b o reho les do allow  
th e  ro ck  to  be in sp ec ted  in  s i t u ,  t h e i r  use i s  ju s t i f i e d  only in  
m ajor s i t e  in v e s t ig a t io n  p ro je c ts ,  and s a fe ty  problems a lso  e x i s t .  
The p resen t au th o r co n s id e rs  th a t  maximum use of exposures a t  the  
su rfa ce  i s  e s s e n t i a l .  E x tra p o la tio n  of th i s  su rface  in fo rm atio n  
downwards i s  p o ss ib le  provided th e  g eo lo g ic a l l im ita t io n s  a re  
r e a l i s e d .
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Although th e  re g io n a l f r a c tu re  p a tte rn s  recogn ised  by the  
p re sen t au tho r a re  considered  to  be r e la te d  to  the  s t r u c tu r a l  
geology, the  a n a ly s is  of the  f r a c tu re s  was undertaken to  
in v e s t ig a te  th e i r  en g in eerin g  g e o lo g ic a l s ig n if ic a n c e  r a th e r  
th a n  to  in te r p r e t  t h e i r  s t r u c tu r a l  g e o lo g ic a l s ig n ific a n ce *
No d e ta i le d  a ttem pt was th e re fo re  made to  r e l a t e  th ese  fra c tu re -  
p a tte rn s  to  the  s t r u c tu r a l  h i s to r ie s  of the a re as  s tu d ie d .
The d i s t in c t io n  between a re a s  of simple and those  of more 
complex geology i s  ex trem ely  im portan t when co n sid e rin g  the  
o r ie n ta t io n s  of f r a c tu r e s .  The s t r ik e  d ire c t io n s  of th e  f r a c tu re  
s e ts  are  c lo se ly  r e la te d  to  the  fo ld  axes p resen t in  th e  a rea  
under c o n s id e ra tio n . The d ip  ang les  of f r a c tu re s  have a lso  
been found to  be reaso n ab ly  c o n s is te n t fo r  each f r a c tu re  s e t .
I n  the South Downs and Thanet 73-74 i° o f the f r a c tu re s
measured were found to  occur w ith in  + 10° of each of th e  mean
s t r ik e  d ire c t io n s  o f th e  f r a c tu re  s e t s .  Each f r a c tu re  s e t  may,I
however, co n ta in  f r a c tu re s  w ith  a range of s t r ik e  d ire c t io n s  
of as  much as 30°. F ra c tu re s  a lso  occur th a t  a re  a p p a ren tly  
u n re la te d  to  the  main f r a c tu re  s e ts  recognised.. Thus, a lthough  
re g io n a l f r a c tu re  p a t te rn s  may be d iscerned  and dominant 
f r a c tu re  d ire c t io n s  reco g n ised , th e re  w i l l  n ea rly  always e x is t  
some f r a c tu re s  th a t  a re  randomly o r ie n ta te d  and th e re fo re  not 
r e a d i ly  p re d ic ta b le .
I n  the  a re a s  of r e l a t i v e ly  sim ple s t r u c tu r a l  geology where 
th e  bedding i s  in c lin e d  a t  le s s  th an  25° , 94-97 i° jo in ts  were
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found to  have d ip  ang les exceeding 50°# This i s  b e liev ed  to  be 
im portan t s in ce  i t  in d ic a te s  th a t  in  slopes in c lin e d  a t  th a t  
an g le , or a t  some le s s e r  a n g le , few p re -e x is t in g  p lanes in c lin e d  . 
tinf&vourably are  l ik e ly  to  occu r. F a ilu re  of such s lo p es  along 
p re -e x is t in g  f r a c tu re s  i s  th e re fo re  a lso  u n lik e ly . F u r th e r , an 
ang le  of 65° would seem to  be the  normal lower l im it  fo r  major 
i n s t a b i l i t y .  This in d ic a te s  th a t  s lo p es  of up to  50° and 
p robably  up to  65° a re  reaso n ab ly  s ta b le .
I n  th e  a re a s  of more complex geology where th e  bedding i s  
o r ie n ta te d  a t  ang les in  excess o f 25° , f a i lu r e  i s  p o ss ib le  along 
continuous bedding p lanes d ipp ing  a t  ang les  of 30° .  a d d itio n , 
in  th e se  a re a s  the  jo in t  f r a c tu re s  a re  commonly in c lin e d  a t  an g les  
much le s s  th an  90°« For example in  th e  I s l e  o f Wight many jo in t  
f r a c tu r e s  d ip  a t  50-60°. A ll s lo p es  in c lin e d  a t  ang les of more 
th an  25- 30° a re  th e re fo re  p o te n t ia l ly  u n stab le  in  th e se  a re a s .
10.5 F rac tu re  su rfa ce si
I n  the  f i e ld  s l id in g  has been .observed  along f r a c tu re s  in c lin e d  
a t  an g les  as low as 30° from the  h o r iz o n ta l .  The r e s u l t s  of the  
la b o ra to ry  s l id in g  t e s t s  shov/ed th a t  the  angle of s t a t i c a l  f r i c t i o n
Q * 0of smooth, dry chalk  su rfa ce  v a rie d  from 34 to  40 , w ith  an average 
v a lu e  of 37°. S lid in g  of a mass of chalk  a long  an underly ing  dry 
f r a c tu re  su rface  in c lin e d  a t  an angle of le s s  than  34° would not 
th e re fo re  be expected to  occur. Although many f r a c tu r e s  in  th e  
Chalk have smooth or s lic k e n s id e d  su rfa c e s , numerous p re -e x is t in g  
f r a c tu r e s  a re  d isco n tin u o u s , and even continuous f r a c tu re s  tend
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to  have some i r r e g u l a r i t i e s  an d /o r i n f i l l i n g s  of chalk  fragm ents .
The la b o ra to ry  s tu d ie s  have in d ic a te d  th a t  th ese  i r r e g u l a r i t i e s  
and fragm ents tend to  in c re ase  the  shear s tre n g th  of th e  f r a c tu r e s .  
S lid in g  along such dry f r a c tu re  su rfa ce s  in c lin e d  even a t  40° 
would th e re fo re  appear u n lik e ly .
F ie ld  and la b o ra to ry  in v e s t ig a t io n s  have, however, in d ic a te d  
th a t  the  n a tu ra l  m oisture  con ten t of chalk  i s  norm ally a t  or c lo se  
to  th e  s a tu ra t io n  v a lu e . F rac tu re  su rfa c e s  a re  th e re fo re  u su a lly  
m o is t. The la b o ra to ry  s l id in g  t e s t s  have in d ic a te d  th a t  fo r  smooth, 
m oist su rface s  th e  s t a t i c a l  angle of f r i c t i o n  i s  f re q u e n tly  reduced 
to  21° ,  a lthough  v a lu es  as lov; as 13° may be recorded’. These r e s u l t s  
in d ic a te  th a t  in  the  f i e l d  s l id in g  i s  p o ssib le  a long m oist f r a c tu re  
su rfa c e s  in c lin e d  a t  th e se  ve ry  shallow  a n g le s . The p o ss ib le  
e f f e c t s  of v a rio u s  f a c to r s  on the  s t a t i c a l  ang le  of f r i c t i o n  a re  
g iven  in  Figure 7$* There i s  some evidence to  in d ic a te  th a t ’ where 
two very  smooth f r a c tu re  su rfa ce s  a re  in  co n tac t su c tio n  fo rc e s  
may operate  producing an in c rease  in  the  s t a t i c a l  angle o f f r i c t i o n  
to  v a lu es  of as much as  50-60 . Flow of w ater along f r a c tu re s  may 
s ig n i f ic a n t ly  a l t e r  t h e i r  f r i c t i o n a l  c h a r a c te r i s t ic s  by removing 
i n f i l l i n g s  an d /o r e ro d in g  or d is so lv in g  the  surrounding chalk  
producing smooth or iro n -s ta in e d  su r fa c e s . 1
The r e s u l t s  o f th e  la b o ra to ry  s l id in g  t e s t s  have in d ic a te d  
th a t  s l id in g  i s  p o ss ib le  a long  any f r a c tu re  plane in  th e  Chalk 
in c lin e d  in  excess o f an angle of 15- 20° downwards towards the
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F R C T O R S IN C R E R S IN G  
F R I C T I O N
SUGGESTED 
E F F E C T  ON 
T ^ P IC R L  0 $  
O F  3 7 °
F R C T O R S  D EG R EA SIN G  
F R IC T IO N
SU G G ESTED  
E F F E C T  O N  
TN PIC R U  
O F  3 7 °
D r 'j  s u r f a c e . O S m o o th  -Surface* (or surface 
w ith  slickensides aligned  in 
d ire c tio n  of possiblemovement} ’ 0
M in o r  ir re g u la rit ie s + 3 °
I n f i l l i n g  of f r a g m e n t s + 3 ° I n f  tilings a b s e n t O
M cgor irre g u la ritie s +  10° C o n t in u o u s  f r a c tu r e s 0
D isco n tin u o u s  f ra c tu re . up to  strength of 
intact- chalk i.e.O ,fa ilu re  a t
N o  disp lacem ent of frac tu re 0
M o is t  su rface- up t o -1 2 ,°
D isp lacem ent tr j o th e r  
f r a c tu r e s
u p to  strength  of 
in ta c t chalK i.e,
failure, a t  45t <f> %
W e t  s u r f a c e up  t o  - 2 ^ °
'
angW of friction.
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Piq. I S  Eftec+s of various -facfors on tV\e- statical
face  o f an ex cav a tio n . There a re , however, f a c to r s  which tend  to  
in c rease  the  shear s tre n g th  of such p la n es . As mentioned a lread y  
i r r e g u l a r i t i e s  w i l l  tend  to  in c rease  the  f r i c t i o n a l  re s is ta n c e  
developed along th e  f r a c tu re  s u rfa c e .
I n  th e  a reas  s tu d ie d  th e  f r a c tu re  p a t te rn  has been found to  
be o f te n  composed o f s ix  w e ll-d e fin ed  s e ts  of f r a c tu r e s .  As th ese  
s e t s  of f r a c tu r e s  a re  c lo se ly  r e la te d  to  the  s t r u c tu r a l  geology 
o f each a re a , they  were formed in  a sequence r e la te d  to  th e  
s t r u c tu r a l  h is to ry  of th e  a re a .  The au th o r has suggested  th a t  
some s e ts  a re  complimentary and were indeed formed s im u ltan eo u sly . 
S e ts  of f r a c tu re s  formed a t  a l a t e r  date  w i l l  t ra v e rs e  e x is t in g  
f r a c tu r e s  and may d isp la c e  them by sm all amounts. Some f r a c tu re s  
observed in  th e  Chalk have been found to  e x h ib it  d isp lacem ents of 
up to  100 mm. Such f r a c tu re s  have s im ila r  o r ie n ta t io n s  to  o th e r 
f r a c tu r e s  w ithou t d isp lacem en ts, and th ey  have th e re fo re  been 
r e f e r r e d  to  as  jo in t  f r a c tu r e s  r a th e r  th an  as f a u l t  f r a c tu r e s .
The displacem ent o f one s e t  o f f r a c tu re s  by ano ther r e s u l t s  in  
th e  su rface  of the  form er becoming i r r e g u la r  (F ig . 79)*
The au th o r b e lie v e s  th a t  t h i s  i s  of im portance when co n sid e rin g  
th e  e f f e c t  of th ese  f r a c tu re s  on s t a b i l i t y .  I f  the. f r a c tu re  su rface  
i s  t o  a c t  as a f a i lu r e  plane th e n  f a i lu r e  of in ta c t  ro ck  w i l l  be 
n ecessa ry  before  movement i s  p o s s ib le . Such d isp laced  f r a c tu re s  
w i l l  th e re fo re  have a co n sid erab ly  h igher shear s tre n g th  th an  th a t  
o f smooth continuous f r a c tu r e s .  E ffe c ts  such as t h i s  a re  c le a r ly  
on a la rg e -s c a le  w ith in  th e  ro ck  mass and are  not r e a d i ly  a sse ssed
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Fracture-, F,, cut try fracture-set, F^, without displacement
Fracture*, F t, c u tty  fracture s e t , F ^ » with displacement
Development of -failure surface* alonq^  Failure surface after small
displaced fracture, Ft. displacement Wy sliding-
P. c y R  Effect of intersecting -fractures on "fail ure. Surfaces
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by la b o ra to ry  t e s t a .  F ie ld  in sp e c tio n  of a v a ila b le  ro ck  
exposures provides th e  b e s t a v a ila b le  method of assessm en t.
The au th o r suggests th a t  more d e ta i le d  in v e s t ig a tio n s  of the 
f r a c tu re  p a t te rn  to  determ ine the  r e l a t iv e  ages of the  f r a c tu re  
s e ts  and th e  e x ten t o f d isp lacem ents o f one f r a c tu re  s e t  by ano ther 
yjould be very  u s e fu l .
There i s  some evidence to  in d ic a te  th a t  th e  f r i c t i o n  developed 
a long  the  f r a c tu re  su rfa c e s  i s  load  dependent. The s l id in g  
ap p ara tu s  used in  th e  la b o ra to ry  t e s t s  only allow ed study of th e  
behaviour of th e  f r a c tu re  su rfa ce s  a t  low normal lo a d s . N ev erth e le ss  
a f t e r  continued  s l id in g  a t  th e  h ig h e s t normal load used th e  average 
s t a t i c a l  angle of f r i c t i o n  was 37° 3° le s s  than  th e  value  ob tained
a t  th e  low est normal load  u sed .
Even i f  a mass o f ro ck  does o v e r lie  a plane which i s  in c lin e d
unfavourably  towards a fa c e , the  mass must be lim ite d  in  ex ten t
l a t e r a l l y  fo r  f a i lu r e  to  occu r. F ie ld  evidence shows th a t  the  i
l a t e r a l  l im i ta t io n  may be along p re -e x is t in g  f r a c tu re s  but i s  
sometimes by f r a c tu re  of the  ro ck  i t s e l f .  I n  th e  l a t t e r  case the 
s t a b i l i t y  of the  p o te n t ia l ly  u n s tab le  mass w i l l  be in c reased  
s ig n i f ic a n t ly .
vThe average angle o f s t a t i c a l  f r i c t i o n  of f r a c tu re s  measured 
in  the  dry s l id in g  t e s t s  was 37°* This would seem to  compare w e ll 
w ith  the  maximum angle of 38° Tor th e  long-term  s t a b i l i t y  of n a tu ra l  
in la n d  chalk  s lo p es  ob ta ined  from f i e l d  work.
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The s ta n d a rd  s h e a r  box used i n . t h e  t e s t i n g  o f  s o i l  samples 
i s  c o n s id e re d  by th e  a u th o r  t o  be u n s u i ta b le  f o r  th e  t e s t i n g  o f  
f r a c t u r e  s u r f a c e s .  The s u r f a c e  a r e a  o f  f r a c t u r e  t e s t e d  i s  
in a d e q u a te ,  and, in  a d d i t i o n ,  samples a re  d i f f i c u l t  to  p re p a re .
The a u th o r  su g g e s ts  t h a t  th e  sim ple s l i d i n g  a p p a ra tu s  which has 
been  developed  p ro v id es  a s im ple , in e x p e n s iv e ,  r a p id  and f l e x i b l e  
method f o r  a s s e s s in g  f r a c t u r e  s u r f a c e s .  This  a p p a ra tu s  to g e th e r  
w i th  c a r e f u l  f i e l d  i n s p e c t io n  of  th e  f r a c t u r e s  i s  c o n s id e re d  t o  
p ro v id e  a u s e f u l  method o f  s tu d y in g  th e  f r i c t i o n a l  c h a r a c t e r i s t i c s  
o f  f r a c t u r e  s u r f a c e s .  The e f f e c t  o f  i r r e g u l a r i t i e s  and d i f f e r e n t  
ty p e s  of i n f i l l i n g s  on s l i d i n g  would be w orthy o f  i n v e s t i g a t i o n ,
10 .6  Design and assessm en t o f  s lo p e s
The work s u g g e s ts  t h a t  as  many f r a c t u r e s  in  th e  Chalk a re  
con tin u o u s  and w i th  smooth s u r f a c e s ,  the  r e s i d u a l  sh e a r  s t r e n g t h
,t ip a ram e te rs  w i th  r e s p e c t  t o  e f f e c t i v e  s t r e s s ,  and c r , shou ld  
be used in  th e  d e s ig n  of  new e x c a v a t io n s  in  c h a lk  t o  be c e r t a i n  
o f  a c h ie v in g  lo n g - te rm  s t a b i l i t y .  The l a b o ra to r y  s l i d i n g  t e s t s  
i n d i c a te d  t h a t  f o r  d ry  c h a lk  s u r f a c e s  th e  v a lu e  o f  $  ^ i s  t y p i c a l l y  
35 -37°» w hereas f o r  wet s u r f a c e s  th e  va lue  i s  t y p i c a l l y  2 0 -30° .
iI f  th e  s u r f a c e s  o f  th e  f r a c t u r e  a re  smooth t h e r e  w i l l  be no c 
v a lu e  caused by i r r e g u l a r i t i e s .  That 30° i s  ap p ro x im ate ly  th e  
maximum ang le  f o r  lo n g - te rm  s t a b i l i t y  of a s lope  w i th  f r a c t u r e s  
u n fav o u rab ly  in c l in e d  i s  suppo rted  by the  a u th o r ’ s f i e l d  
o b s e rv a t io n s  of f a i l u r e s .  As mentioned p re v io u s ly  th e  minimum 
an g le  o f  i n c l i n a t i o n  o f  a f r a c t u r e  a long  which p la n a r  s l i d i n g  has 
o ccu rred  was 30° .
318
The a u th o r  has found t h a t  many s lo p e s  a re  a p p a re n t ly  s t a b l e  
a t  a n g le s  i n  ex ce ss  o f  th o s e  t h a t  would be d e f in e d  by th e  r e s i d u a l  
s h e a r  s t r e n g t h  p a ram ete rs  f o r  c h a lk ;  Many s lo p e s  w i l l  be s t a b l e  
a t  a n g le s  g r e a t e r  th a n  30° where th e  p lanes  a re  no t i n c l in e d  
tow ards th e  fa c e  o f  th e  e x c a v a t io n ,  or where th e r e  i s  a d d i t i o n a l  
s h e a r  s t r e n g t h  due t o  f r a c t u r i n g  of su rro u n d in g  ro c k  b e in g  
n e c e ss a ry  t o  l i m i t  th e  f a i l u r e  l a t e r a l l y .  As a l re a d y  mentioned 
s lo p e s  in c l i n e d  a t  a n g le s  o f  60-65° in  a r e a s  of s im ple s t r u c t u r a l  
geo logy  may a l s o  be s t a b l e  because  o f  th e  r e l a t i v e l y  in f r e q u e n t  
o ccu rrence  o f  f r a c t u r e s  d ip p in g  a t  a n g le s  of l e s s  th a n  65°» and 
th e  u n l ik e ly  occu rrence  o f  f a i l u r e s  in v o lv in g  s h e a r in g  o f  i n t a c t  
c h a lk .  Plow c h a r t s  f o r  th e  d e s ig n  or assessm ent o f  s lo p e s  in  
c h a lk  a re  p re se n te d  i n  F ig u re s  80 and 81,
A lthough th e  modes o f  f a i l u r e  d is c u s s e d  in  Chapter 5 have 
been  re c o g n ise d  in  s t e e p  c h a lk  s lo p e s ,  th e  a u th o r  has observed 
s i m i l a r  modes o f  f a i l u r e  o c c u r r in g  in  many o th e r  ty p e s  o f  
com peten t 'bedded  sed im en ta ry  s t r a t a .  As i n  th e  case o f  th e  
Chalk th e  f r a c t u r e s  which c o n t r o l  th e s e  f a i l u r e s  a re  r e l a t e d  t o  
th e  s t r u c t u r a l  geo logy , p a r t i c u l a r l y  th e  d i r e c t i o n s  o f  th e  f o ld  
a x e s .  The c o n t in u i t y  o f  th e  f r a c t u r e s  and th e  n a tu re  o f  th e  
s u r f a c e s  h as ,  however, o f t e n  been  found t o  v a ry  c o n s id e ra b ly  from 
one ro c k  type  to  a n o t h e r .  The a u th o r  b e l i e v e s  t h a t  t h i s  r e g io n a l  
s tu d y  of th e  s t a b i l i t y  o f  c h a lk  s lo p e s  has been  v a lu a b le  and such 
r e g i o n a l  s tu d ie s  o f  ro c k  s lo p e  s t a b i l i t y  might be u s e f u l l y  ex tended  
t o  o th e r  g e o lo g ic a l  s t r a t a .
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I s - t h e  c
beddinq
iip o f  t h e  
k n o w n ?
V E S N O
See, slope, c h a r t
KL
D oes t h e  dip o f th e  
b ed d in g  ex ceed  2S°?
V E S N O
See, slope ch a rt
B .
f\re  th e , orientations  
o f o t h e r  fra c tu res  
knoian ?
VES N O
D o es t h e  anc^le of 
s lo p e  exceed  3& °?
'iES NO
Are crn^  fractu res  
inclined downwards 
towards -the slopeface.?
VES NO
D o es t h e  an g le  c f  
slo p e  Exceed bS°?
VES NO
S lo p e  ma^ h e  
considered
s t a b l e
Does t h e  an^leof 
slope exceed 6S°?
V E S N O
S lop e m ust be  
considered
U N ST A B L E
Slope (Ao'| h e  
considered STRBLE
X s t h e  h o s e  of t h e  elope, 
being aotivei'y eroded ?
VES N O
I s  i t  impossible t o  
determine th e  orientations 
of the- fr a c tu r e s  ?
V E S  N O  H
S lo p e  m ust h e  
considered  
U N S T A B L E
S lope possibhj u n sta b le .
Types c f  (failure possible** 0 VF.
S lo p e  m ust b e  considered unstable. 
Types of failure possible*.C^O^H, L .
Does t h e  dip o f  all such  
fr a c tu r e s  ex ceed  £>S° ?
V E S N O
Does th e an a le  cf
slope exceed  £>5°?
V E S NO
D o e s  t h e  an g le  o f  
slo p e  ex c eed  3 0 °  ?
V E S N O
Slope ma^ b e  
considered STABLE.
Slope, must b e  
considered unstable 
Types of fa ilure  
possible: A,B,D, £ , F,
&tX,L._________
D o C sth e  a n g le  of 
d o p e  ex ceed  6 5 °?
V E S
Slo p e  ma'y be| 
considered
ST A B L E
N O
S lo p e  m u s t  b e  
co n s id ered  unstable*
T fp  e s o f  fa ilu re
possible
Gr^XjL.
Slope, will b e .s ta b le  a t  
inclination o f  t h a t  of 
fra c tu re  oc intersection of 
fra c tu res  w ith  low est angle 
b etw een  3 0 °  and  
T ypes o f  fa ilu r e  possible'. 
A ,B,F,C r,X .
Fig. SO. Flow chart for design and assessment. /V L Where the, dip of the* 
beclclirxg is known and does not* exceed E5°.
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Slope* may b e  
considered STABLE
Slope- must be
considered U N ST A B L E
Does+be dip of +be
bedding exceed  d,S°?
NO
V E S NO
Xs tbe dip of tbe 
' beddinq known?
NO
F»g. SO continued. Row chart -for design and assessmen+. f\. cL Where the.
dip of th e  bedding Is unknown.
X stH e  dip c f  t h eLr____ 9 -
S e e  s lo p e  c h a r t  A 2.
V E S N O \
D o es t h e  dip o f  t h e
S e e  s lo p e  c h a r t  A1
V E S N O L . ' .....................
Are. the. bedcbncy planes inclined 
downwards to o  ards> -fcVie^ slope- face,"?
'VES N O
Doea t h e  anc^ le. of 
slope- exceed  3 0  f
V E S N O
Are. th e  orien+crHons 
of o+her f  rac-turea 
Known ?
S lop e m ust b e  
C o n s i d e r e d  u n s t a b l e .
Ty pea o f failure.
poss\b\e- \ S , 0 ,  E  ,E
Gr,X,L-
S lo p e  ma y be- 
c o n s id e re d  STABLE.
VES
Are- any -fractures 
inclined downwards 
t o w a r d s  -the. e l o p e  f o c f t ?
Does the. anc^ le. cf 
slop e exceed SO?
V E S
V E S NO
D oes the. anc^le of 
slope ex ceed  &S&?
VES NO
N O
E C _______S lop e may b e
considered
STABLE
Does th e  an^lecf 
slo p e  exceed 65°?
VES N O
Slope must be
considered
UNSTABLE
I s  i t  impossible, to  
determ ine-tbe Orientations 
of the. fra c tu res  ?
VES NO
S lo p e  m ay b e  
considered STABLE
S lo p e  m u st b e  
considered
U N S T A B L E
v rbeinc^ actively eroded?
Does the. dip <>f all such
fractures exceed 6S*?
V E S NO
V E S
i
N O Slope possibly u n s ta b le .  Types of fa ilure possible: D>F.
S lope m ust b e  considered unstable 
T ypes af failure possib le:C ,F 3H,L.
D oes t h e  an^le of 
slope- exceed bS0?
V E S NO
D oes the- angle- of 
&lape exceed 3 0 ° ? Slope, may b e  
considered ST A B L EV E S N O
Slope, must b e  
considered unstable. 
Types of failure- 
possible: A, 
F,fc ,X >U
D o es t h e  on^le o f  
slope, exceed bS°?
V E S N O
considered
S lope m ust b e  - 
considered Unstable. 
T y p es c f  failure- 
possible; f\, 8 ,0 , E ,
F , 6 ,X , U _________
Slope will b e a ta b le  a t  
inclination of tK a t o f  
fracture, or intersection  of 
fractu res with lowest angle  
betw een B 0 °  and &S® 
T ypes o f  fa ilu re  possible:
A A g A I
Fig. Si. Flow chart for clesUyv and assessment. B. W here +he. dip of the- 
heddina known and exeee-cis 2S°.
•• • : 3 2 2 .
The a u th o r  su g g e s ts  t h a t  a s  th e  behav iou r  of r o c k  m asses, and 
p a r t i c u l a r l y  th e  f r a c t u r e s  i n  them, i s  not. w e l l  u n d ers to o d  a t  
p r e s e n t ,  th e  use of f i e l d - b a s e d  in v e s t i g a t i o n s  l i k e  t h a t  d e sc r ib e d  
a r e  e s s e n t i a l  i f  a f u l l  s c i e n t i f i c  e x p la n a t io n  o f  t h e i r  c h a r a c t e r i s t i c s  
and behaviour* i s  t o  be a c h ie v e d .  The te c h n iq u e s  a v a i l a b l e  f o r  t e s t i n g  
and a s s e s s i n g  f r a c t u r e d  ro c k  a re  no t g e n e r a l ly  c o n s id e re d  t o  g iv e  
m ean ing fu l r e s u l t s ,  and u n t i l  more r e l i a b l e  methods a re  developed ,,  
th e  l a r g e ly  s u b je c t iv e  assessm en t of ro c k  i n  s i t u  w i l l  rem ain  
ex tre m ely  im p o r ta n t .  The a u th o r  b e l i e v e s ,  however, t h a t  d e t a i l e d  
f i e l d  i n v e s t i g a t i o n s  su p p o r ted  by l a b o ra to r y  s t u d i e s ,  such a s  th e  
p r e s e n t  i n v e s t i g a t i o n ,  do a l low  the  f a c t o r s  c o n t r o l l i n g  s t a b i l i t y  
t o  be more f u l l y  u n d e rs to o d ,  and c r i t e r i a  t o  be e s t a b l i s h e d  which 
w i l l  pe rm it p r a c t i c a l  and r e a l i s t i c  a ssessm en ts  o f  th e  s t a b i l i t y  
o f  s p e c i f i c  r o c k  s lo p e s  t o  be made.
I
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11. MAIN CONCLUSIONS
Two main c l a s s e s  o f  s lo p e  i n s t a b i l i t y  a f f e c t  ch a lk  s lo p e s :
(a)  s lo p e  d e g ra d a t io n ;
(b) major s lo p e  f a i l u r e s *
(a) Slope d e g ra d a t io n
( i )  Slope d e g ra d a t io n  i s  a s s o c ia t e d  w i th  an  outward 
movement of th e  face  o f  th e  s lo p e .
( i i )  The movement of th e  s lo p e  face  i s  caused by 
s t r e s s  r e l i e f  and w ea th e r in g ,
( i i i )  F ro s t  a c t i o n  i s  m ain ly  r e s p o n s ib le  f o r  th e  
w e a th e r in g  o f  c h a lk ,
( iv )  Slope d e g ra d a t io n  r e s u l t s  i n  th e  development 
o f  a secondary  f r a c t u r e  system which becomes 
superim posed on th e  prim ary f r a c t u r e  system , 
w i th  consequent r e d u c t io n  in  th e  s iz e  o f  
i n d i v id u a l  b lo c k s  o f  c h a lk  and minor ro c k  
f a l l  from s t e e p  f a c e s  of r o c k .
!(v) The f r a c t u r e  sp a c in g  w i th in  th e  Chalk may be 
a s s e s s e d  by g e o p h y s ic a l  se ism ic  v e l o c i t y  
d e t e r m in a t io n s .
o>) M ajor s lo p e  f a i l u r e s
( i )  The fo l lo w in g  ty p e s  o f  major i n s t a b i l i t y  a f f e c t i n g  
s t e e p  s lo p e s  i n  c h a lk  may be rec o g n ise d :
1 .  P l a n a r  f a i l u r e s  A. T r a n s l a t i o n a l  s l i d i n g
B , B lock  s l i d i n g
C* I n v e r t e d  b lo c k  rem oval
■ . D# T en s io n -sh e a r
E* F r a c tu r e  c o n t r o l l e d  ro c k  
f a l l
F .  I r r e g u l a r  ro c k  f a l l
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2 .  Wedge f a i l u r e s  G. Wedge s l i d i n g
H . I n v e r t e d  wedge rem oval
5 . Complex f a i l u r e s  I .  Complex s l i d i n g
4 . S u p e r f i c i a l  f a i l u r e s  J .  C i r c u l a r  s l i p
K. Mudflow
5 . . M isc e l la n e o u s
f a i l u r e s  L. Swallow ho le  c o n t r o l l e d
( i i )  The main f a c t o r s  d e te rm in in g  th e  ty p e s  o f  major 
s lo p e  f a i l u r e  a re :
(a )  th e  o r i e n t a t i o n  of f r a c t u r e s  w i th  r e s p e c t  
t o  th a t ,  o f  th e  s lo p e ;  
o>) th e  c o n t i n u i t y  o f  th e  f r a c t u r e s ;  and,
(c )  th e  n a tu re  o f  th e  f r a c t u r e  s u r f a c e s .
( i i i )  T e n s io n -sh e a r  f a i l u r e s  invo lve  f r a c t u r e  o f  th e  i n t a c t  
chalk: and r e q u i r e  d i f f e r e n t  a n a l y s i s  t o  f a i l u r e s  
a lo n g  p r e - e x i s t i n g  f r a c t u r e s .
2* R eg iona l f r a c t u r e  p a t t e r n s  w hich a re  r e l a t e d  t o  th e  s t r u c t u r a l  
geology may be r e c o g n i s e d ,  and th e  c o n s t i t u e n t  f r a c t u r e  s e t s  
a re  s u f f i c i e n t l y  c o n s i s t e n t  i n  d ip  and s t r i k e  t o  be of 
e n g in e e r in g  s i g n i f i c a n c e .
(a )  When c o n s id e r in g  s lo p e  s t a b i l i t y  on .a  r e g io n a l  
b a s i s  th e  d i s t i n c t i o n  between a r e a s  o f  simple 
s t r u c t u r a l  geo logy  and those  o f  more complex 
geo logy  i s  ex trem ely  im p o r ta n t .
(b) I n  a r e a s  o f  r e l a t i v e l y  sim ple s t r u c t u r a l  geology 
where th e  bedd ing  p lan es  a re  in c l i n e d  a t  an g le s  o f  
l e s s  th a n  25°» s lo p e s  in c l in e d  a t  .ang les  o f  up t o
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60° a re  l i k e l y  t o  "be r e l a t i v e l y  s t a b l e ,  s in ce  
th e  m a jo r i ty  of j o i n t s  have i n c l i n a t i o n s  o f  over 
60°, and f a i l u r e  o f  i n t a c t  ch a lk  i s  u n l i k e l y  i n  
s lo p e s  i n c l in e d  a t  a n g le s  of l e s s  th a n  65°#
(c )  I n  a r e a s  o f  more complex s t r u c t u r a l  geo logy  where 
the  bedd ing  p la n es  a r e  in c l in e d  a t  a n g le s  in  
excess  o f  25°? s lo p e s  in c l in e d  a t  a n g le s  g r e a t e r  
th a n  30° a re  l i k e l y  t o  be u n s ta b le  s in c e  i n  th e se  
a r e a s  j o i n t s  a r e  f r e q u e n t ly  in c l in e d  a t  shallow  
a n g le s  and f a i l u r e  a lo n g  th e  bedd ing  p la n es  i s  
a l s o  p o s s i b l e .  '
Ground w a te r  may s i g n i f i c a n t l y  reduce  th e  s t a b i l i t y  of ch a lk  
s lo p e s  byi
(a )  Changing th e  c h a r a c t e r  o f  th e  f r a c t u r e s  by removing 
i n f i l l i n g s  or te n d in g  to  l u b r i c a t e  th e  s u r f a c e s  of 
f r a c t u r e s  which may be p o s s ib le '  f a i l u r e  p la n e s ;  and
(b) By f r e e z i n g  o f  w a te r  i n  f r a c t u r e s  n ea r  th e  face  
cau s in g  a r i s e  i n  th e  ground w a te r  l e v e l  w i th in  th e  
s lope  and th e re b y  re d u c in g  i t s  s t a b i l i t y .
I n  a s s e s s in g  th e  s t a b i l i t y  o f  e x i s t i n g  ch a lk  s lo p e s ,  or i n  th e  
d e s ig n  o f  new e x c a v a t io n s  th e  r e s i d u a l  s h e a r  s t r e n g t h  p a ram ete rs  
(0  r  = 25- 35°! c r  = 0) shou ld  norm ally  be ad o p ted .
(a )  An ang le  o f  s lo p e  g r e a t e r  th a n  t h a t  ach iev ed  by \ ’ ' 
a p p ly in g  ih e  r e s i d u a l  sh ea r  s t r e n g t h  param eters
. • may be j u s t i f i e d ,  where adequa te  s i t e  in fo rm a t io n
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i s  a v a i l a b l e  t o  show t h a t  the  sh ea r  s t r e n g t h  
o f  th e  ro c k  mass form ing the  s lope  i s  
s u f f i c i e n t  t o  m a in ta in  t h a t  angle*
0>) R eg iona l s t u d i e s  o f  th e  f a c t o r s  a f f e c t i n g  
s t a b i l i t y  p rov ide  v a lu a b le  in fo rm a tio n  
e n a b l in g  th e  achievem ent o f  a p r a c t i c a l  and 
r a t i o n a l  approach  t o  th e  d e s ig n  o f  new s lo p e s  
i n  r o c k  and th e  assessm en t o f  the  s t a b i l i t y  
o f  e x i s t i n g  s lopes*
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1 2 , SUGGESTIONS' FOR FUTQRB RESEARCH
1• Study of th e  s t a b i l i t y  o f  c h a lk  s lo p es  in  a re a s  no t covered
by th e  p r e s e n t  r e s e a r c h ,  such  a s  th e  Y o rk sh ire  and L in c o ln s h i r e  
Wolds, S a l i s b u ry  P l a i n  and th e  M arlborough Downs,
2 ,  The m o n ito r in g  of  movements of a s te e p  s lope  in  c h a lk  s u b je c t  
t o  major f a i l u r e s ,  and th e  r e c o g n i t i o n  of  any p a t t e r n  of 
movement p r i o r  t o  f a i l u r e .
3 .  F ie l d  and l a b o r a to r y  i n v e s t i g a t i o n s  o f  s lo p es  i n  v a r io u s  ro c k  
ty p e s  t o  e s t a b l i s h  r e a l i s t i c  c r i t e r i a  f o r  use i n  a n a ly s e s  o f  
s t a b i l i t y . -
4# R eg ional s tu d i e s  o f  s lo p e  s t a b i l i t y  r e l a t e d  t o  s t r u c t u r a l
geo logy , t o  de te rm ine  th e  u n i fo rm i ty  o f  th e  f a c t o r s  a f f e c t i n g
s t a b i l i t y .
5* D e ta i le d  s tu d i e s  o f  s t r u c t u r a l  geology t o  d e te rm in e ,  f o r
example, th e  e x t e n t  o f  d isp la cem e n ts  o f  one f r a c t u r e  s e t
by a n o th e r .
6 .  F u r th e r  i n v e s t i g a t i o n s  o f  th e  use o f  g e o p h y s ic a l  s e ism ici
methods f o r  th e  i n  s i t u  d e te rm in a t io n  o f  f r a c t u r e  s p a c in g .  
C h a r a c t e r i s t i c s  o th e r  th a n  v e l o c i t y ,  such a s  a t t e n u a t i o n  
and impedance may prove u s e f u l  i n d i c a t o r s .
7 .  F u r th e r  development o f  th e  s im ple s l i d i n g  a p p a ra tu s  to  
a s s e s s  f r a c t u r e  s u r f a c e s ,  and th e  comparison of r e s u l t s  
o b ta in ed  from i t  w i th  th o se  o b ta in ed  from sh e a r  box t e s t s  
and in  s i t u  i n v e s t i g a t i o n s .
328
F u r th e r  s t u d i e s  o f  th e  e f f e c t s  o f  ground w a te r  on s lope  
s t a b i l i t y ,  such a s  changes in  th e  n a tu re  of th e  f r a c t u r e  
s u r f a c e s .
H i s t o r i c a l  su rveys  o f  r e p o r t s  o f  s lo p e  i n s t a b i l i t y  and 
i n v e s t i g a t i o n  of t h e i r  p o s s ib le  cau ses ,  f o r  example, 
t h e i r  r e l a t i o n s h i p  t o  c l im a t i c  c o n d i t io n s .
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APPENDIX 1 
#
TEMPERATURE AND RAINFALL RECORDS 
FOR NORTH MIMMS, HERTFORDSHIRE, 
JANUARY 1971 -  MARCH 1974.
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